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INTRODUCTION

The importance of the solid surface in present day technology is not
easily overestimated. Indeed, it seems possible that the surface properties
of a solid affect technology as much as bulk properties, an observation
which is all the more surprising when one compares the amounts of time
and money spent on surface research with that devoted to the investigation
of the bulk properties of the solid state. Of the several reasons for the
fact that the bulk properties of solids have been studied more extensively
than have their surface properties, the importance of the bulk properties
to the field of solid state electronics is predominant. Also, the properties
of solids are often more easily measured than effects which occur at the
surface. In fact, the ability to study surfaces has been very dependent upon
the ability of the researéher to invent tools suitable to surface research.
The field electron microscope, one of the first of the new tools, has been
followed in recent years by such novel devices as the field ion microscope,
the low energy electron diffraction analyzer and others.

The role played by surfaces in electron emission, ion emission,
catalysis, vacuum technology, corrosion, bonding {(both adhesive and
cohesive), contact charging, and friction, not to mention the basic insights
gained, may all be cited as reasons for studying interactions involving
surfaces. However, before questions concerning these various surface
problems can be adequately answered, a great deal of basic information
must be acquired concerning surface interactions. As it now stands, surface
physics is still in a primitive state; and a great deal must still be done,
both theoretically and experimentally, if we expect to be able to attack
the important problems of surface physics and chemistry.

In spite of the difficulties, surface research has grown rapidly in



recent years. Along with the rapid advances taking place in the field of
surface physics, has come the need for a comprehensive compilation of
experimental results, an endeavor that is necessary before a satisfactory
understanding of surface phenomena is possible.

Although experimental investigations of metal surface-adsorbate
interactions have been conducted for many years, very few experiments
carried out prior to the advent of ultra-high vacuum technology may be
regarded as having meaning. This may be understood readily if reference
is made to the length of time required for a monolayer of residual gas
to be formed on a freshly-cleaned metal surface. If the pressure is of
the order of 10™% torr, a pressure within the capabilities of mechanical
pumps, a monolayer is formed in less than 0.0l seconds. At 10'7 torzw,
a region commonly referred to as the high vacuum region, 10 seconds

O'l‘0 torr or

are required,while in the ultra-high vacuum region of 1
better a monolayer is formed only after about 3 hours. Thus, it
becomes clear that one of the first considerations in evaluating the merits
of an experimental technique is that of the static vacuum conditions
prevailing during the course of the experiment. This factor also esta-
blished a reasonable starting point for a literature review since it was
not until 1953 that the methods of measuring pressures in the ultra-high
vacuum werce well established. This is not to say that ultra-high
vacuum had not been obtained prior to this date, but only that it was
difficult to demonstrate, No effort has been made here to describe the
vacuum techniques since a number of excellent reviews are already in
existence.

A second consideration which bears heavily upon the reliability
of the experimental results is that of the condition of the surface. Since
the interaction of the adsorbate with the surface is affected strongly by
the presence of a contaminant, it is important that the surface be clean

prior to adsorption. Thus, methods must be available for cleaning the



surface if the experimental technique is to be acceptable. While the most
direct method of cleaning the surface is by heating, it is not possible to
clean some metals this way and other methods must be devised such as
sputtering. Accepted methods of cleaning metal surfaces are described
in the data section of this report.

In most cases, the interpretation of the experimental results is
complicated by the uncertainty associated with the structure of the surface.
For example, if the surface is polycrystalline, it is difficult to identify
the relationship between the experimental results and the surface structure.
Total emission measurements of work function yield only weighted averages
over all the crystal faces present. Therefore, priority is given to experi-
mental techniques which permit studies to be made on smooth single
crystallographic planes.

A clear understanding of metal surface-adsorbate interactions can
come only after an adequate store of experimental data have been collected.
This report represents an initial attempt to collect under one cover all
important metal surface adsorption data. This is not to say that the
experimental results have been presented indiscriminately, since one of
the objectives of this report is to select the most reliable data for tabulation.
Because metal surfaces represent the simplest surfaces to study, itis
not surprising that much of the reliable adsorption data have been obtained
for such surfaces. Single crystals of nearly all metals may be grown, and
there are cases where the experimental techniques dictate that the surface
material be a conductor of electricity. Of those metals receiving attention,
by far the greatest amount of research has been performed on tungsten
because it is easily cleaned. The quality of the experimental data
depends in an important way upon the techniques used to obtain them.
Indeed, the slow progress in understanding surface interactions may be
attributed to the lack of sensitive techniques with which to obtain the

experimental data; therefore, Section A of Volume Iis designed to point



out the important features of the various experimental methods used to

obtain the experimental data listed in Section B of this report.

SECTION A-EXPERIMENTAL TECHNIQUES

The objectives of this section of the report are to outline the
acceptable methods of acquiring the data listed in Volume I, Section B of
this report. An attempt has been made to present each experimental
technique clearly enough that a reader may be able to read the pertinent
papers with understanding. In each instance, the description has been
treated in as elementary a fashion as possible. Because of the elementary
nature of the description, it is anticipated that the reader may wish to
refer to some of the original papers or the several excellent reviews which
have been written on the respective topics.

Presented in this section are the separate descriptions of five
experimental techniques which have found favor among experimental
surface scientists and which are considered to be among the more important
techniques currently in use. In addition, there are other techniques which
have not been used widely, but which still merit discussion. These methods
have been added under the general topics of work function measurements,
binding energies, etc.

Attention has been given to the mathematical methods used in
experimental analysis, particularly for those experimental techniques
which require the use of kinetic equations for the interpretation of the
results. One must understand the way in which the kinetic equations
have been derived in order to fully appreciate the benefits and shortcomings
of an experiment., Only a general discussion is given on details of the
experimental apparatus since these vary with experiment and the original

papers should be consulted for further clarification.




1 -1L.OW ENERGY ELECTRON DIFFRACTION

Introduction

When a directed beam of low energy electrons (usually between
20 and 300 eV) is incident upon a crystal surface, a back reflected
diffraction image is formed which, when properly analyzed, yields
information concerning the atomic structure of the surface. The use
of low energy electron diffraction to investigate surfaces had its beginning
in 1927 with the experiments of Davisson and Germer! in which the
wave description of electrons was confirmed. During the 40 years
since those historical experiments, the application of low energy electron
diffraction to the study of surfaces has continued, primarily through
the efforts of Farnsworth?. Within the past fifteen years, important
advances in vacuum practice and certain experimental techniques
associated with low energy electron diffraction have inspired others
to use this technique, making it currently the fastest growing field of
surface-research>’ 43,

Diffraction effects become important when the wave length of the
incident beam is of the order of the spacing of the diffraction centers.
The wave length in Angstroms for electrons accelerated through a

potential difference of V volts is computed from

= (150. 4/ V)12
and if dy; is the interrow spacing of atoms in a two-dimensional array,
the conditions for diffraction maxima (Figure 1) are given by the Bragg

condition

nh = dyy sin th
where 6hk is the diffraction angle measure relative to the surface

normal and n is the order of the diffraction image.
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Figure 1. Illustration of conditions for diffraction image maxima.



To a first approximation, the electron diffraction centers have
the periodicity of the substrate lattice parallel to the surface and,
consequently, the surface serves as a two-dimensional diffraction grating.
Idealized diffraction images for two different cases of a surface parallel
to a (100) plane and one parallel to a (111) plane are illustrated in
Figure 2. The interpretation of these patterns is discussed in further
detail below.

The scattering of the incident electrons occurs as a result of
charge sensitive interactions at the surface; therefore, low energy electron
diffraction effects are sensitive to perturbations in the surface charge
distribution due to the presence of foreign atoms on the surface or other
factors. For example, it is possible, under favorable conditions to
detect the presence of a few percent of a monolayer of adsorbate. In
addition, it is possible to observe the effects of temperature on the
lattice vibrations of the surface atoms in which the intensity of the diffracted
beam is found to depend upon temperature, a phenomenon referred to as
the Debye-Waller effect. 6 Although the primary value of low energy
electron diffraction has been in providing information concerning surface
structure, improvements in technique promise to make possible the
investigation of such phenomena as catalysis, adsorption, epitaxy,

3,4,5 Furthermore,

chemical reaction, and order-disorder transitions,
low energy electron diffraction is a useful method for a wide variety
of surface materials, provided a suitable method of cleaning is available.
Dielectric surfaces may be investigated if the secondary electron
coefficient is equal to or in excess of unity or if the surface is sprayed
with electrons to prevent surface charging during the experiment. 7.8
Although low energy electron diffraction is a highly sensitive
method, it is difficult to arrive at a completely fool-proof interpretation
of the observed di’fraction pattern which can be more complex than

the three-dimensional pattern because of a larger number of permissible



Figure 2a. Diffraction pattern characteristic of (100) plane.

Figure 2b. Diffraction pattern characteristic of (111) plane.



structures. ? Furthermore, the problem of interpretation is complicated by
the fact that diffraction does not occur from the top layer of atoms alone,
but second and third atomic layers may also contribute. In additicn,

there are numerous other factofs which add to the complexity of the
diffraction image such as secondary electrons, interference effects, due

to scattering from steps in the surface layers, temperature effects, and
uncertainty in the contact potential. 10 ¢ present, these inherent compli-
cations make quantitative analysis of the diffraction image virtually
impossible; 1 however, as these problems become better understood,

more precise measurements are to be expected.

Surface Crystallography

As with three-dimensional crystallography, certain conventions
have been established for the description of two-dimensional crystal
structures. Actually, the conventions used in three-dimensional crystallo-
graphy have been carried over to two dimensions with only minor modifi-
cations or extensions being required. These conventions have been
discussed in detail by E. A. Wood. 12 and will be introduced here for the
convenience of the reader,

In discussing two-dimensional structures, it is convenient to use
the term diperiodic to describe any structure, not necessarily with all
atoms lying in a plane, which has only two-dimensional symmetry
(i.e., no symmetry in the direction normal to the surface). It has been
suggested that the transition from the symmetry of the bulk lattice to the
extreme of the surface be called the selvedge. The selvedge may be very
thin as in the case of metal surfaces or may be three or more atomic
layers thick as in the case of certain semi-conductors and compounds.

The terms lattice and unit cells are reserved for three-dimensional
symmetry and the corresponding terms to be used in the two-dimensional
case are the net and unit mesh respectively. Here, a netis a two-

dimensional array of points such that each has an identical environment.



Note this is different from a diperiodic array which may be composed of

atoms lying in more than one plane; diperiodic structures are formed by

associating with each net point an assembly, or basis, of atoms. In

two-dimensional crystallography five nets may be distinguished and are

shown in Figure 3. The letter ¢ denotes the use of a centered mesh

while p indicates that the net is a primitive mesh. In all cases the

convention requires that a <b.

Listed below is a set of standard symbols, based on the work of

Wood, which appear frequently in the literature.

a,b:

gj!
ol

X-, Y-t

uvs
h, k:
(hk):

hk:

{hl%:

Lengths of unit-mesh edges such that axb. Subscript
s may be used to distinguish surface structure from
underlying structure where necessary.

Unit-mesh vectors.
Interaxial angle xy, ab.
Directions of crystallographic axes of coordinates.

Coordinates of any point within the unit mesh, expressed
in terms of a and b units,

Direction normal to x- and y- directions.
Coordinate of any point in this direction.

Coordinates of any net point, expressed in terms of
a and b as units.

Indices of a direction in the direct net.

Two-dimens ional Miller indices of mesh points.

Indices of a set of parallel rows.

Indices of the reflection from a set of parallel rows;
coordinates of a line or ''rod'' in the reciprocal-lattice

as measured on any plane normal to the lines.

Indices of equivalent rows with different indices.

10
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Figure 3. The five two-dimensional nets.
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>k: Starred quantities refer to quantities in reciprocal
space.

d(hk): Interrow spacing of rows hk.
P, C: Primitive and centered nets.

The interrow spacings for the five nets are:

Oblique:

L dz(hk) = (n%/a%sin’y) + (Z/6%siny) - (2hk cosy/adsiny)

Rectangular: p and c

2 2 2
1d g = 0/2) + (k/p)
Hexagonal:
2 .2 2, , 2
1/d (hk) = 4/3 [(h + hk +k)/a]
Square:
2 2 2,, 2
l/d' (hk) =(h + k)/a

As in the triperiodic case, it is convenient to introduce the concept of
a reciprocal lattice in the analysis of diperiodic structures. This, coupled
with the Ewald sphere, provides a powerful aid in the reconstruction of the
surface structure or net, The Ewald sphere is a sphere of radius 1/\
intersecting an arbitrarily chosen origin of the reciprocal net such that the
incident beam passes through the geometric center of the sphere and the
origin of the reciprocal net. In the diperiodic case, the requirements for
diffraction are not quite so severe as for the triperiodic lattice so that the
reciprocal lattice goes over from a set of lattice points to a set of lines or
one-dimensional '"'rods'' extending indefinitely in a direction normal to the
plane. The various spots of the diffraction image may then be found from
use of the Ewald sphere as shown in Figure 4, for the case of an electron
beam incident normal to the (100) surface of a cubic crystal. Notice that

in this case, spots corresponding to the 00, 10, 01, TO, and 01 reciprocal

12
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Figure 4. A section of the reciprocal lattice of a diperiodic structure with the
Ewald sphere. For the special case of normal incidence and \ = dhk
sin © hk
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lattice lines will be present in the diffraction pattern, but the 02, 20,
02 and 20 spots will be absent.

It sometimes happens that the surface mesh and the mesh of the
corresponding plane in the bulk are different and it is useful to refer the
surface mesh to that of the substrate. This situation arises in at least
two ways; when the clean surface structure differs from the bulk and
also as a result of adsorption. It is customary to describe the surface mesh
in terms of the known substrate mesh. Here the reference net is the net
parallel to the surface. Thus, if the substrate net is a square array and
the surface is a square array with dimensions twice as large, the surface
mesh will be designated 2 x 2 (See Figure 5a). Or in the case of the
hexagonal structure shown in Figure 5b, the surface meshis 3 x1. The
information contained in this short hand notation can be extended by
including both the substrate material and the adsorbate. Thus, oxygen
adsorbed on the (110) face of nickel is found to have the structure described
by Ni(l110) 3 x 1-O, meaning that when oxygen is adsorbed on the (110)
face of nickel the resulting diperiodic surface structure has a mesh with
edges parallel to the edges of the clean surface net but with ag equal to 3a.
If a centered mesh is chosen, the designation would be ¢(2 x 2) and is shown
in Figure 5c. When a simplification results from consideration of a mesh
whose sides are turned at an angle with respect to the substrate structure,
the designation 3 x 1-R(30°) has been used. This would indicate that the
surface mesh with the indicated dimensions is rotated 30° with respect to

the substrate mesh.

Experimental Technique

Three basic experimental approaches have been developed for
employing low energy electron diffraction techniques in surface studies.
The first approach resembles that of Davisson and Germer in its utilization

of a Faraday collector to analyze the diffraction image as illustrated in

14
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Figure 5. Illustrations of shorthand designation of relationship between
surface mesh and substrate mesh.
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Figure 6. This method has been used successfully by Farnsworth? and
it is especially suited to the precise measurement of diffracted beam
intensities, an important consideration when one wishes to make a quanti-
tative interpretation of the diffraction image, Measurements made by
this method tend to be time consuming unless an automatic or semi-
automatic scan is used. In one such system, the sample is rotated about
the beam axis at several thousand rpm while the Faraday collector is
moved in and out in the azimuthal direction. The results may be read
out onan oscilloscope, 13
The second method of analyzing the diffraction effects is based on
a design proposed by Ehrenberg in 1934 in which the diffraction pattern
is displayed on a flourescent screen. Since the energy of the diffracted
electrons is insufficient (typically a few hundreds of eV) to excite the
phosphors used in the screen, it is necessary to accelerate the diffracted
electrons to an energy of a few thousand volts. This technique, known
as the postacceleration display method, was perfected by Landex _e;til'14
and a typical experimental tube design is shown in Figure 7. In this
system an electron beam is directed onto the crystal at normal incidence
and is diffracted into a nearly field free region. The diffracted beam
passes through a spherically shaped grid maintained at the potential of the
crystal and exit electrode of the electron gun, and is retarded by the
suppressor grid to eliminate secondary radiation. Finally, it is accelerated
to the flourescent screen and the resulting pattern is viewed or photo-
graphed through a window located behind the crystal,
A major advantage of the display system is its ability to display
the entire diffraction pattern instantaneously, a feature which represents
a considerable saving in time. This is particularly important if the
characteristics of the surface are changing for some reason, as for
example, during adsorption. Intensity measurements are readily made
with a spot photometer, although the results are not as reliable as those

obtained directly with a Faraday collector.
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FARADAY COLLECTOR

FILAMENT

ELECTRON
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ROTATABLE /
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PHOTO ELECTRIC
MEASUREMENTS

Figure 6. Diagram of Faraday-collector type low energy electron diffraction

tube used by Farnsworth and co-workers.
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S~ELEGTRON GUN

FLOURESCENT SCREEN, 3—4 kV

SUPPRESSOR GRID,— 100 V
SHIELD GRID, OV

VIEWING WINDOW

Figure 7. Basic components of a post acceleration display low energy electron

diffraction tube similar to that used at Bell Laboratories
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The use of spherical geometry, although highly desirable from an
experimental point of view, is difficult to achieve because of probléms
associated with the fabrication of the spherical grids. A modified form
of the spherical low energy electron diffraction system has been presented
by Fujiwara et, al.l5 In this system (Figure 8) the difficulty of construct-
ing the grids was reduced through the use of cylindrical symmetry. An -
added advantage of this system is that it permits observation of the diffrac-
tion patterns over a wide range of scattering angles, from 0° to 130° and
the angle of incidence can be changed.

Recently, C. W. Tucker 16 described a display type tube which
eliminates the need for complicated grid structures by employing a
magnetic deflection scheme, as illustrated in Figure 9. Upon emerging
from the gun, the electron beam is deflected by an external magnetic
field (2 - 8 Oe. for electron energies ranging from 20-300 eV) onto the
crystal. The electrons scattered from the crystal are subsequently
deflected through a grid located in front of the flourescent screen, and
accelerated to 3KeV onto the screen. In this tube, secondary electrons

are removed from the diffracted beam by the magnetic field.

Summary

Liow energy electron diffraction techniques have done much to
further our knowledge of the surface-adsorbate interaction., In particular,
low energy electron diffraction may be used to study adsorption, yielding
information about adsorption sites, as well as coverage, and sticking
probabilities. This technique is especially powerful when used in con-
junction with other techniques such as flash desorption or work function
measurements. In addition, valuable information concerning epitaxy,
lattice vibrations, chemical reactions, catalysis and order-disorder
transitions may be obtained. Although much may be learned from such
studies, quantitative measurements are not yet possible due to the

complexity of the electron scattering process at the surface.
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Figure 8. Diagram of low energy diffraction system designed by Fujiwara, et al.
This system utilizes cylindrical symmetry and the crystal may be
rotated to vary the angle of incidence.
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Figure 9. Diagram of low energy electron diffraction display type tube des-
cribed by C. W. Tucker. The electron beam is deflected by an
external magnet and the resulting pattern displayed on a fluorescent
screen.
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2 - FLASH FILAMENT TECHNIQUES

Introduction

Measurements of adsorption-desorption phenomena involving the
use of a heated solid surface play an increasingly important role in the
investigation of the physical and chemical properties of surfaces. 17
The flash filament technique consists of using a test cell of known volume
(one to two liters), containing a temperature controlled surface (usually,
but not always in the form of a filament or ribbon) and‘ some means of
measuring pressure changes as the adsorption and desorption take place.
The most widely used pressure detector has been the Bayard-Alpert
ionization gauge, whose advantages and disadvantages have been discussed
in the literature. 18 Use of a partial pressure analyzer adds considerable
refinement because it removes much of the uncertainty in the identification
of the species being adsorbed or desorbed. Mass spectrometers have also

made it possible to study replacement, 19 isotopic mixing on the surface,zo

21 As with all reliable surface measurements, consider-

and coadsorption.
able care must be exercised toensure the cleanest possible conditions during
the experiments.

The flash filament technique has the advantage that considerable
information can be obtained in a system that is relatively inexpensive and
simple to construct. Important parameters readily obtained by analysis
include the binding energy, sticking probability, the entropy of adsorption,
and information concerning replacement and coadsorption. The physical
quantities of interest are not measured directly, but must be derived from
the kinetics of the process.

Despite its advantages, there are certain limitations to the flash
method. By its very nature, it must be possible to heat the surface to a

relatively high temperature, thus confining measurements to the refractory

metals. Resistive heating of a filament or ribbon has been most widely used.

21



Such surfaces are inherently polycrystalline, making interpretation of
experimental results somewhat doubtful. It is possible to make flash
measurements on single crystals if special considerations are given to
the desorption tube d.esig.n.,z‘2 Surfaces of ribbons have been found to
approximate single crystal planes (often (113) or (114)), but in general,

23,24 Because the

the orientation depends upon the prior treatment.
physical quantities are not measured directly, special consideration must
be given to the derivation of the kinetic equations for adsorption and

desorption.

Kinetics of the Flash Tec}mique

In developing the kinetic equations for the flash technique, the

following symbols will be chosen:

n density of molecules in the gas phase in molecules/cm
Q- surface coverage density in molecules/cm

v - volume of the sorption chamber in cm

A - total surface area in cm

S - system pumping speed in cm3/sec

S_ - pumping due to adsorption on a surface

q - rate of gas influx into the system in molecules/sec
t - time in sec

T - temperature in degrees Kelvin

T - temperature at constant pressure

k - Boltzman s constant in appropriate energy units

s - sticking probability

E - metal-adsorbate binding energy

YV - pre-exponential frequency

‘B - arbitrary constant
22



The rate of increase in the nitmber of molecules per volume in the gas

phase may be written generally as

dn ' o
va? = -Sn - Syn + E q; (1)
i=o )

where the q; take into account all sources of gases, including the desorption
from the surface of the filament under investigation. Only three types of
sources need be considered, q,, qj;, and q,, corresponding respectively
to the influx of gas responsible for the background pressure (i.e., wall
effects, gauge interactions, virtual leaks, etc.) the influx of the adsorbate
gas externally admitted to the system, and the gas evolving from the surface.
In the following discussion, it will usually be assumed that q, is negligibly
small and special consideration must be given to those situations for

which this condition is not met. The gas evolution from the surface may be
written as 9, = A(dg/dt), while the quantity S, is the pumping due to
adsorption on the surface. Specifically,

Sa = AS(G-)K(m: T)

where from kinetic theory

K(m, T) = (kT )1/2

2rm

The general expression for the kinetics then becomes

dn dg

— - - —\ 2
VI Sn sAKn +Adt + q (2)

As it stands, the above expression does not lend itself to easy
analysis; however, considerable simplification results by suitable choice
of experimental procedure. Both adsorption and desorption experiments
are conducted by the flash filament technique and since they involve slightly
different procedures as well as kinetics they will be described individually.
- Adsorption kinetics have been investigated by two methods referred

to as the closed system and the continuous flow methods. 17 As implied
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the closed system method is one in which gas (or vapor) is admitted to

the test chamber while the filament is too hot for adsorption to occur.

When the gas has reached the desired pressure, the volume is sealed off
and the filament temperature is dropped suddenly to some prescribed value.
As the temperature of the filament begins to decrease, the gas is pumped
by the filament, leading to a characteristic decrease in the pressure within
the test cell. (Figure 10) For this case, with S and 9 set equal to

zero, Equation (2) reduces to

dn _ ag”
ATl sAKn + A T (3)

If re-evaporation of the adsorbed gases is ignored (i.e., 4G~ /dt = 0),
then the sticking probability may be found from

S =

\4 dln In( t)]
KA dt (4)

The surface coverage density at any time is given by

G® =v [no) -nw] /a (5)

In the event that re-evaporation is not negligible, it is still possible
to analyze the pressure vs time curve as follows: It is usually assumed that
the rate of decrease in coverage is governed by an Arrhenius law of the

form

=0 Y exp [-K/kTJ (6)

where x = 1 or 2 {for monatomic and diatomic molecules) is the order of
the desorption process. Rewrite Equation (3) in the form
dn -sKAn 1 d(AQ)) .
—_— = 2 o o M 7
dt v * v dt (7)
then by measuring dn/dt for various values of n{o) and plotting a family
of curves of dn/dt vs n for a constant number adsorbed (i.e., AQ= constant)

it is possible to obtain s from

24



n (o)

n({00)

n in Arbitrary Units

TIME

Figure 10. A typical n vs t curve for adsorption in a closed system in
which the surface was suddenly cooled at time to.
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-~V d dn
s = k—-A I (_CIE\ - (8)

and in addition, extrapolation of the curves through n = o yields for first

order desorption

é_rz)nzo - A igt._ . A&V EE/kT] (9)

dt v d v

which permits E to be determined as a function of AQ" assuming a value
of 7/ *
Unfortunately, it is difficult to achieve the conditions of the ideal
closed system. One important problem is that gasesadsorbed on the
walls of the test volume may evolve as the pressure on the cell decreases
thereby leading to an erroneous interpretation of the pressure vs time
curve. In addition, ion gauge pumping can be considerable although
precautions can be taken to reduce this effect substantially. In addition,
impurities can build up rather rapidly. Impurity problems such as CO
buildup due to hot filament degassing can be minimized by using continuous
flow techniques, where gas is continually passing through the system.
Continuous flow studies havebeenperformed both by maintaining the

25,26 In the constant flow

flow rate constant and the pressure constant.
method, the adsorbing vapors are allowed to flow at a constant rate through
the system as determined by the rate of input through a suitable leak and

the rate of removal by the pumping system and by adsorption on the surface.
With the filament initially hot, a reference pressure is reached by

care ful adjustment of the leak and pumping rates which, once adjusted,
remain constant for the duration of the experiment. The filament is

then allowed to cool, leading to a sudden decline in the pressure due to the

onset of adsorption (Figure 11).

; -1
Usually one assumes = 1013 sec
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Figure 11. Typical n vs t curve for adsorption at constant flow rate.
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As the filament becomes covered, the rate of adsorption decreases until

finally the pressure rezurns asymptotically to the initial steady state value.

For this case, the rate equation is
dn

dg
v < -Sn -sAKn + q; + A = (10)

dt

Now the pumping speed may be readily found by introducing a small quantity
of gas with conditions such that no filament pumping (i.e., with a monolayer
adsorbed) or readsorption occurs and then plotting 1ln pvs t, as gas is

pumped from the systei’n, In this case

5 _ -dan{n) _  din(p)

11
v dt dt - (}

The value of q4 is determined by considering the steady state situation for

which
q; = Sn(o) (12)

so that if re-evaporation is negligible,

dn  _ Vg_ [n(t) _n(o)] '_sxf n(t)

dt
or l’
v dln(n) S n(t) -n(o)
* T Xa “a& ° RAL wo ] (13)
To = = [ nlo) - nles)] (14)

Use of a constant pressure flow system minimizes problems of
gauge and wall interactions and provides a means of direct measurement

of pressure dependent parameters. 26

In this system, gas flows from a
reservoir through a servo-controlled leak valve into a small chamber
containing an ion gauge, then through a capillary of known conductance
and into the sample chamber. Regulating the flow rate allows a constant
pressure to be maintained in the sample chamber.

The flow rate through the system is represented by the expression:

28



dn dg”
= o—— - — 1
9 Sn + v 3 -~ 9o + sAKn - A & (15)

By using high flow rates, vdn/dt is negligible. Interactions of the walls
and gauges are small because impurities are continuously pumped out. By
allowing the system to equilibrate at constant pressure, errors due to

gauge pumping and degassing can be eliminated. The net sorption rate by
the sample is proportional to the upstream pressure, since Sn is a constant

in this system.

Kinetics of Flash Desorption

The kinetics of flash desorption may be studied by heating a sample
at a controlled rate and analyzing the resulting p vs t curves as gas evolves
from the surface. The type of system used is shown schematically in
Figure 12, The general rate expression is

dn dag”

— = - — 16
V& Sn+Ad_t, ()h

provided readsorption and gas influx from the reservoir arenegligible during
the heating time.

Again, it is found that analysis of the desorption kinetics may be
simplified by making the proper design considerations. Desorption
experiments are normally conducted in systems operating under one of two
possible extremes, né.mely the conditions of Sn<<vdn/dt and Snd»> vdn/dt.
Since both of these approaches are used commonly, it is worthwhile to

consider each in some detail.

Pumping Speed Small Compared to Rate of Gas Evolution. - When

27
the pumping rate is slow compared to the rate of gas evolution, Sn&vdn/dt

and Equation (16) reduces to

dn _ 4O _ X ~ |
Vi T Adt = Ag '\JX exptE/kT(tJ
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Figure 12. Schematic representation of closed flash desorption system.
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Figure 13. Hypothetical n vs t curve for flash desorption in a closed system
from two adsorbed states.
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A typical pressure vs time curve for this situation is shown in Figure 13.
It will be observed that at points of maximum evolution rate, dzn/dtz = 0,
which leads to the result
= = ln(xO‘x—l) +In| vV, T/ (dT/dt)| - In(E/KT))
kTP X P P
(17)

Befors carrying this development further, it is convenient to consider

the second case:

Pumping Speed High Compared to the Rate of Gas Evolution.- In

this case,28 Sn>)> vdn/dt and the Equation (16) simplifies directly to
sn= 4% - AV, ¢Fexp [E/KTI0)]

Here the pressure vs time curve assumes the structure shown in Figure 14

and the peaks occur at times (temperatures) for which

dn = 0
dt
which leads to ‘
E = In (xgX 1) + 1ol VT / dT/dt_] - In{E/kT )
KT < L %Tp p

This is identical to the result obtained above for the opposite extreme and
so the analyses for both situations are identical. It is well at this point
to continue the analysis for first and second order kinetics separately.
For the case, x=1, Equation (17) becomes

E

o - [V, T/ (ar ) ] -in (B/KTp)

The last term is small which permits one to rewrite the above expression

in the form
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IN ARBITRARY UNITS

n

TIME

Figure 14. n vs t curves for flash desorption from two adsorbed states for
the case of large pumping speed.
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k’I]‘:; = 1n[ YV, Tp/ (dT/dt)-—] —lni 1n[V1TP/(dT/dt)]}

If a linear heating schedule is used, i.e., T = T, + Bt then dT/dt = B

and

E

kT, 1n11_62p_ 'm[ ln( zj—lpip—)]

or for 108« Y /p<L1013 ok -1

—k_'I—]‘E_ m -3.64; +1.5% (18)

P p

This may be used in this form if a value for vl is assumed (usually

e

Vl = 1013 sec™! is assumed). It is still possible to obtain a value of E
without assuming a value for ‘l/l by varying the heating rate $, in which

case it is found that

If the desorption process is second order i.e., x=2, Equation (17) must

be rewritten in the form

Vv, T
E = n2Qp +1n—212T_7'<%- - In E/kTp

kTp

where CFP is the surface coverage at a time c¢rresponding to the peak

desorption rate. With a linear heating schedule this equation reduces to
2
E/kT, = In 65T," + 1n 4)/B - In E/k (19)

where because of symmetry, O is assumed to be equal to zG'P. Thus
a linear plot of 1n( G';TPZ) vs 1/’I‘P may be used to demonstrate second

order kinetics. The intercept gives vz and the slope yields E.
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Summary

Experiments using flash filament techniques provide highly sensitive
means of acquiring information necessary for the complete identification
of states of adsorption. From such measurements, it is possible to
determine the binding energy, the entropy of adsorption, the molecular
form of the adsorbate, the sticking co efficient, and the maximum coverage
in each state. Recent improvements in technique make possible the
separation of states differing in binding energy by only a few eV. However,
in spite of its usefulness, the flash filament technique is limited to the
refractory metals and it is not possible to relate the information gained

directly to the microscopic structure of the surface.
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3 - ELECTRON IMPACT DESORPTION

Introduction

Under certain conditions, desorption is induced by the interaction
of incident low energy electrons with molecules adsorbed on a metal surface.
The earliest reports of electron impact desorption were made by workers
using mass spectrometers in which gases desorbed from various electrodes
by the ionizing electron beam produced spurious effects in their measure-
ments, 29 Since these early findings, many have observed and reported
similar effects, all of which have considerable practical importance.

J. R. Young30 and G. E. Moore31

made mass spectrometric investigations
of electron impact desorption of gases from various anode materials and
at least partially confirmed the long-held belief that gases desorbed from
anodes were responsible for the observed poisoning of thermionic oxide
cathodes. Later studies by Degras, et al,32 and by Redhead33 led to
the conclusion that electron impact desorption affected the operation of an
ionization gauge, while more recently, electron impact desorption has
been recognized as an important contributor to gas contamination in high
current electron storage rings34 and controlled fusion chambers. In
spite of the extensive number of observations of electron impact desorption,
relatively few investigations have been made to determine the basic

nature of the effect, and credit must be given to Redhead33 and Manzel

36 who appear to have concluded independently that the desorption

and Gomer
is a direct result of electronic excitation to repulsive surface states.

Basically, the experimental arrangement for studying electron
impact desorption consists of a specimen on which gases are adsorbed,
a source of electrons with which to bombard the specimen, and some

means of detecting the desorption products, all in an ultra-high vacuum

environment maintained at pressures at least in the 10710 torr range.
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In general, the techniques of different investigators differ only in the
method of detecting the desorption products and four methods have been

used. For example, in the work of Degras, et al, 32

an ionization gauge
was used to measure the total pressure change resulting from bombarding
the surface with electrons. Moore31 and Peterma'nn37 used mass
spectrometric techniques to identify the desorbed species. Reélhead33
utilizeed the fact that under certain conditions the desorption products
are ions which can be measured directly, and Menzel and C‘romer?’6
used the field electron microscope, which permits visual observation of

the desorption process on a microscopic scale,

While it is possible that desorption of very loosely bound adsorbates
may result from direct momentum transfer, in the majority of cases
electron impact desorption must be explained in terms of electronic
excitation of the adsorbed molecule to a repulsive molecular or ionic state.
This is made clearer by referring to the potential energy curves shown in
Figure 15, which represent various quantum states of a hypothetical
metal-adsorbate system. The curves shown correspond respectively to
the ground state (M + A), the antibonding state (M + A):F , an excited
state of the ground state species (M + A)*f and an ionic state (M + A")

It is assumed that transitions from one state to another occur vertically :
within the shaded or Franck-Condon region. Observe that transitions

to the states (M + A)* and (M~ + A+) are to repulsive portions of the res-
pective potential energy curves and consequently result in desorption, either
as a neutral for the former case or as a positive ion for the latter. The
probability for desorption of the ion will be reduced in this example because
it must cross the potential energy curve corresponding to the (M + A)*
binding state where it can become bound and subsequently return to the
ground state. Although a number of modes of desorption can be visu-
alized , only desorption from an ionic state has been positively identified

at this time. However, it seems quite unlikely that ionic desorption

accounts for all the electron impact desorption. There is some evidence
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suggesting that excitation to a loosely bound state followed by thermal
desorption might also be possible.38

If the energies of the desorption products can be analyzed, itis
possible to acquire additional information about the ground state of the
adsorbed species. This may be seen by referring once again to Figure 15.
Suppose desorption from the ionic state, preceded by electron impact
icnization, is considered. Since there is a certain spread in the positions
of the ground state atoms, depending upon their vibrational energies and the
shape of the potential well for this state, there will be a corresponding
spread in the energies of the desorbed ions. In other words, knowledge
of the energy distribution of the desorbed ions permits one to approximate
the square of the ground state vibrational eigenfunction for the adsorbed
species. Similar arguments hold for the desorption of neutral molecules
as well, but such information is not easily obtained due to the difficulty
with which energy measurements are made on neutral atoms.

Although the electron impact desorption process has not been
placed on a firm theoretical basis, a few qualitative remarks are possible
in light of earlier work by Redhead?’3 and by Menzel and Gomer. 36 Menzel
and Gomer argue quite convincingly that the cross section for excitation
to the repulsive state cannot differ by more than a factor of ten from the
cross section for excitation to the corresponding state of the molecule

-16 cmz. This conclusion

in the gas phase, which is of the order of 10
is arrived at by approximating ground and excited state wave functions

for the bound moleécule by a linear superposition of a set of carefully
chosen basis states. The transition probabilities calculated in this way
seem to be at least as large as the corresponding transitions in the gase-
ous state. Thus, in view of the fact that observed cross sections for
electron impact desorption are often several orders of magnitude lower
than the cross sections for the corresponding transitions in the gas phase,

it would appear that the competing process of readsorption plays an

important role,
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Further conclusions are that the probability for desorption will
increase with increasing lifetime of the adsorbed molecule in the excited
state and will decrease with increasing mass and binding energy of the
adsorbed species. In addition, the probability for desorption will depend
rather sensitively on the equilibrium position of the adsorbed molecule,
the probability decreasing with decreasing distance.

In his investi gation of the electronic desorption of oxygen adsorbed
on molybdenum, Redhead found that ions and neutrals were desorbed in the
ratio of one ion for every 50 neutrals. Furthermore, it was noted that
the energy threshold for the onset of desorption was the same for both the
ions and the neutrals which led him to propose, with excellent experimental
verification, that the desorption for both species occurred from the same
ionic state but that the ions were neutralized by Auger transitions as they

moved away from the surface.

The Kinetics of Desorption

As with flash filament desorption, the important parameters for
electron impact desorption are obtained from the kinetic equations for the
desorption process. Here one must take into account the kinetics for the
three methods of measurement, namely, measurement of pressure change,
measurement of work function'change, and detection of desorbed ions.

The following symbols will be used:

n = the number of molecules per unit volume in the gas phase.

S = the pumping speed of the vacuum system in cm3/sec,,

\% = the volume of the system in cm3.

q = the influx of gas into the gas phase due to electron desorption.

do = the influx of gas into the gas phase in molecules/sec, respon-
sible for the background pressure.

0 = surface coverage density in molecules/cmz.
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)

electron current densitzr (assumed uniform over the
surface) in charge/cm®-sec.

. . 2
target area in cm™.
electronic charge.

the total electron desorption cross section in cmz.

work function of the metal in electron volts.

In addition, the following assumptions will greatly simplify the calculations

appearing below:

(1)
(2)

(3)

(4)

(5)

The electron current density is uniform over the surface.

The desorption rate is proportional to current in the
first order.

Diffusion of gas out of the bulk or along the surface is
considered to have a negligible effect on the results.

Readsorption from the gas phase is neglected, a valid
assumption for pressures in the 10-10 torr range.

Thermal desorption is not considered.

Pressure Change. - The time rate of change in the number density

of molecules in a vacuum system is described by

dn

v = -Sn+q_+q (20)

dt

If first order electronic desorption processes are assumed, then

q= JRJIA/e (21)

The surface coverage density will change with time according to the

expression

— = - 0RJ/e (22)
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which has the immediate solution
G = Q‘O exp(-QJt/e) (23)

Combining Equations (20), (21), and (23) one obtains the differential

equation
dn
dt = -Sn/v + q /v + (G,QIA/eV) exp (-QJt/e)

A solution to this equation is readily obtained and, if n_ = qo/S, the final

(o}
result is
_ 0. AQT
n(t) = n, + Tof2 [ exp(-QTt/e) - exp(-s/v)t} (24

This may be simplified; for example, if S/v is much larger than QJ/e,

one obtains

n{t) = n_ + _TotQT exp (-QJt/e) (25)

o eS

From this equation, the following information is derived

Q=-¢ dln[n(t)- - ) (26)
dt i

and
s :[n(O) - nO] eS/AQJ (27)

which may be used to compute the cross section and initial coverage respec-
tively. Note that the quantity, n, may be related at room temperature to the

pressure, P, in torr, by the kinetic theory expression

1
n=3.3x10p

On the other hand, if S/v is very small comparedto QJ/e,
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n(t) = n_ t ——— [1 - exp (QJt/e)] (28)
from which
, © G_OA
t) - n +
7 4 n o
RErow P TTaA (29)
v

and

(o]

G, = 5 [nea -] (30)

Work Function Change. - For small coverage changes, it is reasonably

valid to assume that the work function is related linearly to coverage through

the expression

¢=¢OO+CG"

where c is a constant and @ _ is the value of § when § = 0. With this

oo
assumption then, Equation (23) may be rewritten to yield

0= 21 B (t) - Boo
Q=31 ¢<0)-¢ (31)

Detection of lons. - The ion current arising from electron impact

ionization on the surface of the metal follows the rule

t= Ja' (32)
where IT is the positive ion current, Iis the electron current and Q+ is the
cross section for an adsorbed molecule to be desorbed as an ion. Application

of Equation (23) then leads to

1t = 10+ exp (-QJt/e) - (33)

+ + . .
where IO = G';Q I. From this expression the total cross section for

electron desorption may be obtained:
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The ionization efficiency is

_ +. +
Eff = I7/1 = g;Q (35)

Knowledge of the initial coverage allows one to use the latter expression .

to compute Qt.

Experimental Considerations

It must be emphasized, that in the application of the kinetic equations
derived in the preceding section, care must be taken to ensure that the
conditions specified by the assumptions are satisfied for the particular
experimental circumstances in question. An important consideration is
that of readsorption which is inherently connected with the vacuum condi-
tions; for, since the cross sections for electronic desorption are quite
small, it is often necessary to carry out the measurements over extended
periods of time in order to desorb an appreciable amount of gas. In addition,
it seems almost certain that desorption occurs from more than one state,

a fact which manifests itself in nonlinear ln I+ vs t curves, for example.
With proper analysis, however, it is usually possible to separate the effects
of more than one state without undue difficulty. Recent experiments

indicate that electron impact desorption may be coupled with flash filament
techniques to good advantage, making it possible to gain further insight into
the adsorption and desorption processes. 39

The designs of three experimental electron impact desorption tubes
are shown in Figures 16, 17, and 18, The tube shown in Figure 16 was
used by Redhead 33 to measure the electronic desorption of oxygen and
carbon monoxide adsorbed on molybdenum. Here, the surface being
studied was in the form of a polycrystalline ribbon which could be heated,

both resistively and by electron bombardment. The desorbing electrons
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Figﬁ're 16. (a) Schematic diagram of eprerimental electron impact desorp-
tion tube used by Redhead. (b) Representation of electrode
potential configuration used in Redhead's tube.

45



_

WMo ¢ s

“5 ?\ ///////1/////f ~
E | by ////f

BRE i s —
. g = s
| = i
i WIA
~ )
-

Figure 17. Field emission tube used by L. W. Swanson, et al., for electron
desorption studies. A is a tungsten field emitter, B is a tungsten
filament used as the electron source, C is a lens arrangement
that can be used either to focus the electron beam or as a Faraday
collector, D is a phosphor screen, and E is a collector. ’
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were emitted by a thoria coated tungsten filament with a spread in energy
of about 0.8 eV, and the desorption process was studied by means of the
ion current reaching the collector. Heating of the molybdenum ribbon
permitted evaluation of the binding energies for the adsorbed molecules.

Figure 17 shows a tube used by the research group at Field
Emission Corporation to investigate the electron impact desorption of
coadsorbed alkali metal and electronegative adsorbates on various refractory
metals. 40 In this tube, the electron beam is directed axially onto the
apex of the emitter tip on which the adsorbate resides. With the arrange-
ment shown, it is possible to select parts of the field emitted electron
beam in order to determine changes caused by electron impact on single
crystallographic planes. In field emission studies, use is made of the
extreme sensitivity of the emission current on the work function of the
surface so that the cross sections are determined using Eq.uation 31, The
field emission technique does not lend itself to the detection of ions nor
to the identification of the desorbed species. However, it is a highly sensi-
tive method of measuring cross sections as low as 10—'23 cmza

The tube shown in Figure 18 was used in an investigation of the
electron impact desorption of carbon monoxide adsorbed on nickel. 38, A
mass spectrometer was incorporated in the design of the all stainless
steel desorption chamber, which, along with the ion collector, permitted

detection of both neutrals and ions.
Summary

Electron impact desorption techniques yieldiinformation about excited
and ionic states of the surface-adsorbate bond. By means of carefully taken
threshold data, it is possible to deduce the binding energy of the ground
state of the adsorbed species, thereby supplementing information derived
from flash filament experiments. Finally, if the energy distributions for
the desorbed ions are measured then the shape of the ground state potential

energy curve may be estimated.
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4 - FIELD ELECTRON MICROSCOPY

Introduction

- Field electron emission was discovered as early as 1897 by R.W.
Wood of Johns Hopkins University, but it was not until after 1928 when
R.H. Fowler and W. Nordheim of the University of Cambridge developed
the wave mechanical concepts of field emission that earlier experimental
results could be clarified. Although various aspects of the Fowler-Nordheim
theory of field emission were confirmed in the 1930's the reproducibility
and reliability of these early experiments were clouded by the inability
to control and measure the vacuum conditions within the tube and the un-
certainty as to the geometry of the emitting sites. The invention of the
field electron projection microscope by Erwin W. Milller overcame many
of these difficulties by providing a single crystal emitting surface of
well-defined geometry and visual read-out of the work function topography
of the emitting surface. The field electron microscope, which permits
visualization of the effects of various phenomena at the surface of metallic
crystals on what is nearly an atomic level, became an increasingly use-
ful tool for analyzing physical and chemical phenomena that affect the work
function or surface configuration. Subsequently, various investigators,
principally Robert Gomer of the University of Chicago, 41 exploited the
microscope to study such phenomena occurring at metal surfaces as
catalysis, adsorption, desorption and epitaxy.

The extreme sensitivity of the field emission process on the degree
of surface contamination provided early impetus for the obtaining and
measurement of high vacuum, as well as the first visual demonstration
of atomically clean surfaces. Perhaps the most important contribution of
field electron microscopy to surface physics and chemistry was to provide
a tool for obtaining and demonstrating well-defined surface conditions in

performing investigations of surface adsorption and related phenomena.
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Theory of Field Emission

Field emission is a quantum mechanical phenomenon with no
classical analogue. When a sufficiently high electric field is applied to
the surface of a metal or semiconductor the surface potential barrier is
deformed to provide a finite length through which an electron within the
metal can '"tunnel.'" This phenomenon (See Figure 19) can be formu-
lated mathematically by considering a Fermi sea of electrons within the
metal impinging on the surface. 42 Multiplying this impingement rate by
the appropriate quantum mechanical transmission coefficient leads to the
following expression for the number of field emitted electrons whose

energy ¢ (relative to the Fermi level) lies between ¢ and ¢ + de:

P(e)de = 4mmd exp(ce/d) de (36)
3 (1 + exp(e/kT))

where
4 3.1/2
c=-3 (2m@ ) v{y)
ielF
and
d = H eF

2(2m@ YL/4 t(y)

and t{y) and v(y), (published in tabular fo rm42), are slowly varying functions
of the work function @ and applied electric field F.

Multiplying Equation (36) by the electronic charge, then integrating
over the limits -wotoee, yields an expression for the current density of the
field emitted electrons. This integration is conveniently accomplished by
defining a dimensionless parameter p = kT/d which leads to an expression
for the current density Jpp of T-F (thermal-field) emission of the following

form:

2
_ Tp F~ exp(c) _ mp 37
Trp = sintp 8wh@té(y) sinwp JoF (37)
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which breaks down completely at p = 1 but is approximately valid up to

p T 2/3. For small values of p (i.e., low temperatures or high fields)
wp/sinmp 21 and one obtains the zero degree approximation of the Fowler-
Nordheim formula for Jop which may be rewritten in terms of the directly

measurable field emission current I and applied voltage V, as

I = Aszexp [—a/V] (38)
In view of this relation, it follows that a ''Fowler-Nordheim plot'' of the
current-voltage relationship (ln(I/VZ) vs 1/V) yields a straight line having
a slope a and an intercept Ay with the vertical axis at exp(-a/V) = 0. The
linearity of a Fowler-Nordheim plot is normally regarded as adequate proof
that the emission is due to stable field emission. When the Fowler-
Nordheim law is satisfied, it can be shown that ¢ is related to the slope

a by the expression:
7 2%
a =2.96 x10 5 s(y) (39)

where s(y) is a tabulated function which is equal to 0.95 + 0.009 over the
range of current densities normally encountered. Using the work function

¢0 for a clean surface as a reference, the work function @ of the surface

1
when coat ed with an adsorbate can then be determined from

/3
6. =¢ aq S(V())
b0 E ey (40)

where 24 and a, are the slopes of the corresponding Fowler-Nordheim
plots. Absolute determinations of the work function require a knowledge
of the geometric factor B (where F = BV), which can be determined from
an electron micrograph of the emitter profile with an accuracy of about
15%: however, when the work function of the uncoated surface is well

known, both P and the work function of the coated surface can be determined

with good accuracy.
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Techniques

General discussions of field electron microscopy and details on
construction and processing have been presented in the literature. 41,42
Briefly, the field electron microscope is a diode in which field emitted
electrons are drawn from the single crystal hemispherical tip of a very
sharp needle (tip radius usually below 1 micron) mounted in an evacuated
bulb with a phosphor screen concentric with the cathode surface. When a
sufficiently positive ''viewing voltage'' is applied to the phosphor screen,
the field emitted electrons travel along nearly radial paths and form on the
phosphor screen a visible, highly magnified emission image of the emitter
surface. Such an image is shown in Figure 20 for a clean (110) oriented
emitter. The field electron microscope is characterized by a high

magnification, (typically 10°

to 100 x) and a high resolving power for
smooth surfaces, (typically 30‘ A, the limit determined by the initial
energy spread (about 0.25 eV) of the field emitted electrons). Pattern
detail arises from local variations in field and work function at the tip
surface, and the pattern has a symmetry characteristic of the crystal
structure of the tip material. Observation of the emission pattern of the
uncoated tip provides a sensitive criterion for checking the smoothness and
cleanliness of the substrate.

Emitter tips are easily fabricated from most refractory metals and
many semiconductors. Although chemical or electrochemical etching
techniques areusually employed, nearly all metals and semiconductors can

43 Thermal

be fabricated into clean emitters by vapor grown whiskers.
heating is normally employed for cleaning surfaces, although other methods,
such as field desorption, must be used for low melting metals. When

field desorption is used for cleaning, it is wise to cool the emitter to

liquid nitrogen temperature to prevent surface migration of contaminants

from the shank.
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Figure 20.

e
B
.

Field emission pattern of a clean (110) oriented tungsten emitter,
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Adsorption, desorption and migration of adsorbates are measured
through observation of the rate of change of the field electron pattern or
current, which in turn, permits a determination of the associated physical
constants (sticking probability, rate constants, and activation energies).
However, at the high values of electric field required for emission, there:
is a possihility that the large electrostatic forces accompanying these fields
may alter the processes under study and, at high temperatures may even
alter the shape of the substrate. To avoid this, the ''viewing field"
required for field emission may be applied in the form of very short pulses
at low duty factor (e.g., 1 microsecond pulses at a rate of 30 to 200
pulses per second), and the emission pattern is then viewed as a motion
picture. This technique, introduced by Dyke44 and co-workers,
minimizes the perturbing effect of the viewing field on the event under
study. Using a pulsed viewing voltage permits considerable freedom in
the selection of the tip temperature (from 0°K to the melting point of the
emitter) and of the magnitudeand polarity of the dc voltage which may be
applied at the tip surface.

Besides a high voltage supply for pattern viewing, additional
equipment necessary for most field emission investigations include sensi-
tive current and voltage measuring meters and provisions for measuring
and controlling the emitter temperature. The latter is usually accomplished
by resistively heating the supporting filament onto which the emitter is
spot welded and accurately measuring the resistance of a small section
of the filament., The resistance measurements can be related to tempera-
ture by precalibration or making use of the known variations of resistivity
with temperature,

The vacuum requirements for performing meaningful investigations
of surface phenomena by field emission are such that the surface must
remain free of foreign contamination over the period of time the measure-

ments are being performed. Residual gas pressures not only affect the
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particular surface phenomenon under study, but also lead to sputtering of
the emitter surface by the positive ions that are formed by electron impact
ionization when steady field emission currents are drawn from the emitter.
Residual helium pressures are particularly effective in leading to cathode
sputtering during field emission but this problem is readily eliminated
in sealed-off tubes by using glass of low helium permeability or immersing
the tube in cryogenic liquids. Depending on the type of experiment con-
templated, field emission investigations can be performed with evacuated
sealed-off tubes or tubes attached to the vacuum sg;stem, but in either case
it is desirable to have residual gas pressures well below 1 x 10_9 torr.
Investigations of the adsorption of volatile gases, such as hydrogen or

neon, can be accomplished by immersing the tube in liquid helium and
utilizing chemical or sublimétion sources to deposit the desired adsorbate

‘onto the emitter. A typical design of a field electron microscope used in

adsorption studies is shown in Figure 21.

Work Function-Coverage Relationships

The properties of the clean or contaminated emitter surface become
apparent only through their effect on the electron emission. The precise
evaluation of the work function is therefore of primary importance in the
interpretation of the patterns observed in the field electron microscope.
The variation in the electron emission over the surface of a smootih,
atomically clean tungsten emitter is caused by variation of the work function
with crystallographic direction. The use of Equation (40) to obtain the
work function change due to adsorption is strictly correct only if F and the
distribution of @ are constant over the emitting region, which is seldom
the case. In general the electron emission is averaged over a variety of
crystal faces with widely varying work functions. It can be shown that the
slope of a Fowler-Nordheim plot yields an average value of ¢3/2[3 which

is related to the individual regions as follows:
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Figure 21.
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Front view diagram of field emission microscope for investigation
of cesium and oxygen on tungsten. A, cesium source; B, oxygen
source (heatable platinum crucible containing copper oxide); C,
emitter assembly; D, electrical connection to conduction coating;
E, anode ring; F, cesium reservoir; G, secondary cesium source.
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/2 = 2t 9, %2 g, (41)

where f; is the fraction of the total current carried by the ith emitting
region,

In practice, the curvature of the Fowler-Nordheim plot over the
32/5,

can be seen from Equation (41) that the experimentally obtained value is

voltage range is negligible, so that its slope yields a constant @

weighted heavily in favor of the highly emitting, or low work function, regions
and may in practice be almost identical to the lowest § encountered on

the emitter surface. Thus, in utilizing Equation (40) to determine work
function changes on adsorption it should be remembered that average values are
obtained and when adsorption greatly alters the emission distribution from

that of the clean surface, these values cannot always be related directly

to contact potentials.

The difficulties inherent in the determination of averages can be
overcome by measuring the electron current from individual crystal planes
by suitably designed current probes. A tube designed for this purpose
which allows measurement of total energy distrubutions as well as the
emission from a single plane is shown in Figure 22.

Utilizing the average work function-coverage relationships and the
results of probe tube measurements, it is possible to establish the relation-
ship between the work function of individual crystal planes and average
coverage. Although the field electron patterns give some indication as to
the distribution of the adsorbate over the various crystallographic planes,
only probe tube techniques will provide unequivocal measurements as to

the atom density on various planes throughout the coverage range.45

Surface Migration

One of the early uses of field electron microscopy was the

investigation of surface migration of adsorbed layers on various substrates.
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The activation energy for surface migration on various crystallographic
planes can be readily determined by measuring the temperature dependence
of the rate of diffusion of the adsorbate as it migrates across the emitter
surface. Recently, it has been determined that the electric field necessary
for field emission viewing can alter the rate of surface migration. 46 By

. applying the viewing voltage in pulses of low duty factor the time average
field is negligible and such field effect problems are eliminated without
sacrificing viewing. The activation energy for surface migration is

determined by assuming a surface diffusion coefficient of the following

form:

2
D=2a’ Y, exp [E/KT]
where ay is an average '"jump''length of the migrating atoms and ')/d is
1
a frequency factor of the order of 10 2/sec. The distance x traversed

by the adsorbate in time t is approximated by

< = (Dt)l/z

The activation energy for surface diffusion is then determined from the
combined equation
2
®a VYa
-lnt = ln ——— - Ed/va (42)

2
x

The determination of surface diffusion rates thus involves the
measurement of the time necessary for the adsorbatetotravel a given
distance across the emitter surface. This can be accomplished by
visually choosing the end point when the advancing boundary travels a
specified distance on the surface. In cases where the adsorbate migrates
across the surface without a sharp boundary, visual end points cannot be
easily employed. In this case one can make use of the fact that the field
emission current (in this case the pulsed current) usually varies as the
adsorbate migrates across the surface and can be utilized to establish

the end point.
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Thermal Desorption

Field electron microsoopy lends itself to the measurement of
thermal desorption rates and has been used in this connection for a
variety of systerms.41 Typically, thermal desorption rates are determined
by utilizing known relationships between work fucntion and coverage. In
this fashion, rates of work function change over a small coverage incre-
ment at various temperatures lead to the determination of activation
energies of desorption.

Pulsed electron microscopy can also be uysed to good advantage
for desorption measurements for the following reasons: (1) it allows
visual inspection of the pattern during desorption and use of pattern
changes for end points and (2), either the variation of the pulse current Ip at
constant volta ge Vp or VP at constant Ip can be followed and related to
coverage-time plots for subsequent kinetic analysis. When using Ip or V_ to
follow desorption rates care must be taken to allow for temperature effects
on IP as shown in Equation (37) and also the temperature variations of
the work function of the particular adsorbate-substrate system. Field
emission determination of the binding energy is based upon the following
analysis: Assuming first order kinetics, the rate of change of coverage

is governed by

do~ _

el -0/ (43)
where

1 = Yexp [ -E, (o) /XT] (44)

T-

By measuring sufficiently small coverage changes, it is possible to
replace dg-/dt by AG /At, where At is the time to record a change in

g-of -AQ-at a given temperature T. Therefore, combining Equations

(43) and (44) one obtains
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In At = - in‘y+ In (O74A%) + Ea/kT {45)

Since 10“5_'[}51013 an error of not more than 10% occurs by dropping
the second term in the brackets, 1In (07/A¢), prévided measurements are
not made near ¢-= 0. Plotting Iln At vs 1/kT yields a linear curve with
slope equal to the binding energy and an intercept identified with -ln Y
Note that because only work function changes are measured directly by
field emission methods, knowledge of the dependence of ¢§ upon ¢~ is
required,

It should be realized that activation energy measurements frequently
involve some sort of average. For immobile layers the average is weighted
toward the regions of lowest binding energy within the coverage increment,
wheras for mobile layers in two-dimensional equilibrium the activation
energy of desorption is often weighted towards the regions of highest
binding energy.

Most adsorbate-substrate systems amenable to field electron
microscopy lend themselves to the measurement of desorption rates by the
above methods. It is only those systems which show no work function
change on adsorption that are not easily investigated by field electron

microscopy. So far, few such systems are known to exist.

Coadsorption
Field electron microscopy has recently been applied to the investi-
gation of two-component adsorbate-substrate systems (coadsorption).

47 cesiw.;.m-fl-t:i,orine48 and cesium-

The systems potassium-hydrogen,
oxygen‘]*9 have been studied thus far. Of primary interest in these investi-
gations was the effect of various amounts of the more strongly adsorbed
electronegative component on the work function changes, surface diffusion
and desorption rates of the alkali metal.

Although the results of utilizing field electron microscopy for the

investigation of coadsorption are in the preliminary stages, it can be

stated with some degree of confidence that this technique has great promise
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for providing a detailed understanding of the specific interactions invdlved

in these more complex systems.

Field Effects

As mentioned earlier, the sometimes undesirable perturbation of
the surface event under investigation by the high field required for field
electron microscopy can be eliminated by the use of pulsed field electron
microscopy. Moreover, the embodiment of the field electron microscope
makes it uniquely suited for the intentional study of the field perturbations
of various surface phenomena. The latter characteristic has been ex-

ploited rec ent1y5 0

in order to investigate the effect of field on the sur-
face kinetics and thermal dynamic stability of cesium on various refrac-
tory metals. In practice, the direct viewing of the surface event under
study can be retained even with the application of dc fields of varying
magnitude and polarity by superposition of the pulsed viewing voltage

on the dc voltage through a suitable resistor-capacitor combination.

The temperature dependence of the surface diffusion rates of
cesium on tungsten in the presence of an electric field has been measured®?
for two different but successive modes of surface diffusion with an
initial cesium coverage of approximately 0.2 monolayer. Values of
the field dependent activation energy of surface diffusion E4(F)

for the two modes were determined by assuming a diffusion coefficient

D(F,T) of the form

2

D(F, T) = D exp [;Ed(F)kT]= EX— (46)

where D( is a constant, and x is the distance traversed by the adsorbed
cesiumin time t., The temperature dependence of the diffusion rates

in the presence of an electric field was found to obey Equation (46),

thus permitting the calculation Eg(F) and Dg as functions of applied

field. These results could befitted to a particular model involving the
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interaction of the applied electric field with the dipole moment formed by
the adatoms, thereby giving considerable insight as to the electronic
structure of the adsorbate.

The effect of positive field on thermal desorption (better known as
field desorption) has been investigated for a variety of systemsSI’ 52,53
and recently treated theorei:ic:allyfs4 for various types of adsorption. It
is only through field electron microscopy techniques that field strengths
sufficient to initiate field desorption can be generated at reasonable voltages
and their effect on adsorbed layers conveniently studied.

According to Gomer and Swanson, 54 there are two basic mechanisms

for field desorption, depending on whether V_-@ is large or relatively

small. Both cases involve a deformation of tlie potential energy of the
ionic adsorbed state such that, beyond a certain distance X from the
surface, the ionic state is both the ground state and a repulsive state.
In general, the rate constant for field desorption is expressable as

7\_ ) exp EEa (F)/kT]

F Vs - (47)
13

. -1 s
where )/ is a frequency factor (~10 “sec ), s is a transition probability
or entropy factor which generally decreases with F. The quarttity Ea(F)
is the activation energy for desorption, which may be written generally

as

E_(F) = Zﬁ’ Vln - nf + E_ - A(F) (48)

where V_ is the nth ionization potential, Ea the zero field binding energy,
and A(F) is a field dependent correction factor, which is different for the
various types of binding: Ionic, Metallic, and Covalent. The first two

fall under the category of small V- 8.

Case I. VI-¢ Small: Ionic Adsorption. = This situation is the

simplest to consider for the field correction is easily computed by

differentiating the total potential for an ion bound to the surface. The
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correction factor is found to be given by

3/2 F1/2

A(F) = (ne) - F en(xo - ) (49)

where A is a Thomas-Fermi screening length and x is the equilibrium

distance of the ion from the surface,

Metallic Adsorption. - In the case of metallic binding, VI-¢ is still
small and the atomic valence level, which becomes broadened as the atom
approaches the surface, lies near the Fermi level. If this valence level
lies only partly below the Fermi level

3/2 _1/2 1

A(F) = 3.8n F -5 (aa - ai) FZ - MF (50)

Where aa is the effective polarizability at x = X ai is the ionic podar-
izability, and M is the effective dipole moment at x = x .

On the other hand, if the valence level falls completely within the
conduction band of the metal, as would be the case of a metal atom ad-
sorbed on a surface of identical atoms, the last term above is not
effective so that

3/2 _1/2

A(F) = 3.8n F - 2

(aa - ai) . (51)

DN -

Case II. V-0 Large: Covalent Bonding. - When VI~¢ is large,

+ F en X + A(P) (52)

where x, =X + X and A (P) refer to vario;;.: polarization effects which

are discussed in greater detail elsewhere. Field desorption measurements
not only provide knowledge as to the types of field interactions with the
electronic structure of the adsarbate, but also provide considerable

insight as to the detailed bonding of the adsorbate to the substrate and,

in some cases, yield precise mapping of the one-dimensional potential

energy curves of the adsorbate-substrate system.
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Since field desorption is most conveniently studied by field electron
microscopy techniques from an immobile layer, probe techniques can be
used to great advantage to isolate the measurements to single crystallo-
graphic planes. This, coupled with the ability to determine indirectly
zero field activation energies of desorption from the existing field
desorption theory, allows one in principle to determine the variation of the
zero field binding energy as a function of adsorbate coverage on a single

crystallographic plane.

Epitaxial Layers

Another recent application of field emission techniques has been
the in vestigation of the nucleation and growth kinetics of epitaxial layers
on various substrates. Results of this nature were first reported by
Melmed,56 who extended his earlier field emission work on vapor
phase grown metallic whiskers?3 to a study of two-dimensional epitaxial
layers. Investigations of this nature, now reported for a variety of ad-
sorbate-substrate systems, 57 have provided considerable insight as to
the detailed mechanisms involved in the nucleation process and the effect
of substrate and surface contaminants on the epitaxial growth kinetics.

Melmed discovered that certain low melting adsorbates, such as
copper, which are not readily amenable to the usual field electron micro-
scopy techniques, can be grown epitaxially on a tungsten substrate. In
some instances it was observed that the epitaxial layer consisted of a
clean, perfect single crystal structure of the face-centered copper structure
grown across a tungsten field emitter surface and could be used for

subsequent adsorption studies by field electron microscopy techniques.

Summary

Some of the recent applications of field electron microscopy to

surface phenomena are as follows: (1) Work function-coverage relationships;
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(2) Zero field surface migration; (3) Thermal desorption; (4) Coadsorption;
(5) Field effects on surface kinetics; (6) Investigations of epitaxial growth;
(7) Electron impact desorption; (8) Substrate surface rearrangement

(e.g., self-migration and sputtering). It seems safe to conclude, therefore,
that field electrom microscopy has made important contributions to the
understanding of various phenomena which occur at metal and semi-
conductor surfaces and will continue to make significant contributions

as its use becomes more widespread.
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5 - FIELD ION MICROSCOPY

Introduction

An ideal tool for acquiring the desired understanding of metal
surfaces would be one permitting actual atomic scale visualization of
events occurring there. Because of its ability to resolve single atoms,
the field ion microscope very nearly achieves this ideal. Although simi-
lar to the field electron microscope, the field ion microscope image is
formed with ions rather than electrons. Here advantage is taken of the
shorter wavelengths of the ions and the fact that ions from a cooled
emitter surface have smaller transverse energy, making it possible to
distinguish adjacent atoms which have a separation of 2.74 X or less.

The basic principle of the field ion microscope is that atoms can
be ionized in a high electric field, an effect predicted by Oppenheimer58
and verified experimentally by Muller. 59 In this process, known as field
ionization, the potential energy curve of the atorn becomes distorted in
such a way that an electron can tunnel from the atom into the metal,
with the formation of a positive ion as illustrated in Figure 23. In the
field ion microscope, the tip is maintained at a sufficiently high electric
field to ionize the impinging gas atoms which are present within the tube
(usually helium at"a pressure of approximately one micron). The electric
field at the surface of the tip approaches 4 or 5 volt/K , and is highest
in the vicinity of the atoms which protrude beyond the average surface be-
cause of the crystalline nature of the tip. The rate of impingement of
the surrounding gas atoms is greater than expected on the basis of
kinetic thecry because of attractive field induced dipole forces. There

is a critical distance, x_, from the emitter surface within which field

c’
lonization cannot occur because the ground state of the imaging gas atom

falls below the Fermi level of the emitter so that tunneling of an electron
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Figure 23. Potential energy diagram for field ionization.
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is prohibited. Thus, best resolution is achieved by selecting a value of the
electric field such that ionization occurs as near the critical distance as
possible.

Most of the impinging gas atoms actually pass through the critical
region without being ionized and as they collide with the surface they im-
part some of their kinetic energy to the substrate, being left with only
enough energy to ''hop'' about on the surface. As they move about, they
eventually hop over protruding surface atoms where the probability of
ionization is greater because of the higher electric field and the ions thus
formed are accelerated to the phosphor screen, creating an image of the
surface as shown in Figure 24, Clearly, the resolution will be improved
if the tangential velocity of the ions leaving the surface can be reduced.
This is done by cooling the tip to liquid nitrogen or liquid hydrogen tem-
peratures.

The field ion microscope has found application in the investigation
of such phenomena as surface migration, adsorption, sputtering, field
desorption, and surface structure, not to mention invaluable contributions
made in the study of defects and related properties of the bulk crystal. 60, 61
Despite the importance of these contributions, the field ion microscope
is severely limited in its application to the examination of surfaces. The
fprimafy source of difficulty is, of course, the fact that the high electric
field in which the studies must necessarily be made undoubtedly causes
rearrangement or desorption of the adsorbate. In extreme cases, field
evaporation of the substrate atoms themselves may occur. The occurrence
of field evaporation, restricts use of the field ion microscope to metals
whose melting points exceed roughly 1700°K. Exceptions are possible
if one is willing to sacrifice resolution by working at lower than optimum
fields. Another problem that has been encountered is that of etching of
the emitter tip by field enhanced chemical reactions occurring between

certain gases and the substrate.
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Figure 24. A field ion pattern of a tungsten surface illustrating the atomic
resolution of the microscope.
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Field ion microscopy does lend itself very well to the inspection of
clean surfaces. Increasing the field slightly above that required for imaging

60

of the surface”” makes it possible to actually clean the tip by field evapora-
tion of the substrate. Controlled removal of the surface layers allows
one to investigate the depth of surface defects and other properties which

lie a few atomic layers below the surface,
Theory of Field Ion Emission

The mechanism of field ionization is also a quantum mechanical
phenomenon, and is essentially field emission in reverse in that electrons
tunnel from the gas phase molecules into the tip. Since there are no

empty electronic levels in the metal below the Fermi energy, Ep, the

applied field must raisé the valence level of the atom to EF’ so that
(neglecting polarization effects) the condition for field ionization is:
eZ
Fx, = VI -0 - . (53)

C

where VI is the ionization potential of the molecule, @ is the work function,
and X is the minimum distance at which field ionization can occur: the
last term of Equation (53) is due to the image potential.

As in the case of field emission, an expression for the field ion
current is obtained by multiplying the rate of supply of molecules to the
high field region near the tip by the probability of field ionization. The
exact details of this calculation are complex and will not be reproduced
here, except for the following approximate expression for the lifetime

with respect to field ionization:

3/2

= exp (54)
F

i

where VI is in electron volts and F in volts per angstrom.
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In view of the above, the mechanism of image formation in the
field ion microscope becomes quite clear. Atoms or molecules approach-
ing the tip are ionized in the vicinity of x, either on the way in or on the
rebound; the ions are accelerated along the lines of force toward the
negative screen so that a magnified image fvx/(ktr,;) of the ionization zone
is produced there, where x is the tip to screen distahce in centimeters, r
is the tip radius and k, ¥ 1.5 is an image compression factor.

According to Equation (54) the probability of ionization is a sensi-
tive function of field, so that the ion image is a reproduction of the micro-
scopic field distribution at the surface of the :emitter. Since ionization
occurs at x,, any overlap of the equipotentials of the surface atoms will
cause a certain amount of loss of structure. Also any distortion of the
electronic structure at the surface due to the high fields required for image
formation will also lead to image distortion.

The resolution of the field ion microscope depends on two factors:
first, the transverse velocity of the image forming ions and second, the loss
in detail in the field distribution at x,. Diffraction effects, which must
also be taken into account, are found to be negligible. As pointed out by
Miller, 60 partial thermal accommodation on the tip reduces the incoming
thermal and polarization velocity components of the image gas. Under
these conditions the resolution limit due to transverse velocity components

becomes

kT

/2
d = 4r k; (-gv—j (55)

for r = 10'5cm, kt = 1,5, and V = 10% Volts, Equation (55) gives a
resolution of 10 & at 300°K.

The second factor which lifnits resolution is more difficult to
assess, but an approximate calculationé‘l shows the form of the functional

dependence as
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(V, - 9)

372
VI

a7 53¢ (56)
where € is a numerical constant of the order of 0.5 to 1.0, dis in

angstroms and V_and § are in electron volts. It canbe readily shown

I _1/2

that d, as given by Equation (56), goes through a maximum 35¢ VI
at:

VI = 30 (57)

which suggests that Equation (56) places the most severe limitations on
the resolution for imaging gases whose ionization potential is nearly three
times the substrate work function.

It has also been postula.ted60 that the impinging molecule, after
partial thermalacconmmodation, undergoes a series of hopping motions
because of the attraction of the inhomogeneous field acting upon the induced

dipole. The average hopping height h turns out to be

3kTr
2
4 qF

h = (58)

where @ is the polarizability of the impinging molecule. It is further sug-
gested that the most favorable resolution and highest image intensity are ob-
tained when the hopping di stance is slightiy larger than x -

In order torealize best resolution and image intensity for the field
ion image it will be necessary to optimize the conditions expressed in
Equations (54) and (58) with respect to such variables as VI’ ¢, T, r
and F. Also, the above considerations, which are derived for a degenerate
metal, may not apply exactly in the case of a nonmetallic adsorbate. For
instance, the equipotentials above an adsorbed molecule may not reproduce
its atomic structure unless the molecule behaves as a conductor (i.e.,
does not tolerate internal electric fields); in addition, the\pverlap of
metal and adsorbate orbitals must be sufficient to allow fast electron
exchange in ordertomaintain a uniform surface charge on the adsorbate

during field ionization.,

74



Summary

The field ion microscope is a unique tool for the investigation of
surfaces because it permits single atom resolution of the surface.
Consequently, field ion microscopy is a valuable tool for gaining information
about the substrate. However, this technique is limited in its application
to the investigation of surface-adsorbate interactions because of the
effects of the extremely high electric fields present at the surface which

can cause rearrangement or even desorption of the adsorbed molecules.
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6 - WORK FUNCTION MEASUREMENTS

Introduction

The presence of an adsorbate on the surface of a metal may alter
the electron potential barrier of the metal and change the work function. 63
To understand how these changes occur, it is necessary first to acquire
a qualitative understanding of the work function, which is simply the work
required to remove an electron from a metal at 0°K. The origin of the
potential barrier at the surface of the metal may be thought of in terms
of the way in which the potentials for the constituent atoms interact with
one another,

When a large number of atoms are brought together to form a
crystal, the potential inside the solid assumes the periodicity of the
lattice, a periodicity which is terminated at the surface, as shown in
Figure 25. The height of the potential barrier above the Fermi level
is the electronic work function, which is influenced by two factors. 64
The first, the chemical potential, is determined solely by the bulk pro-
perties of the solid and is independent of the surface. The second, the
surface potential, is very sensitive to the properties of the surface and
is related to the electrostatic potential energy at the surface of the metal.
The latter effect decays slowly with distance away from the surface.
Although there are undoubtedly many contributions to the surface potential,
some of the principle ones that have been considered theoretically are
the following: (1) Of primary importance is the penetration of the
electrons beyond the surface of the conductor. This is a quantum effect
which leads to the formation of a dipole layer (negative side outward) at
the surface and an increase in the magnitude of the surface potential. (2)
Accompanying this ''spill-over'' of electrons is the decrease in the
surface potential due to the decrease in the density of electrons within

the metal. This energy is called the correlation energy and is due to
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Figure 25. Potential energy diagram for a metal.
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Figure 26. Pictorial representation of dipoles for (a) van der Waals, (b) ionic,
(c) covalent adsorption.
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the ndutual repﬁlsion of the electrons thrbugh Coulomb interactions and the
Pauli exclusion p.rinciple.‘ (3) Still another contribution to the surface
potel.'xtial is the energy of interaction between the ion cores themselves
which will be different for different crystal planes. From what has been
said, it is reasonable to eﬁcpec*{: that an adsorbed layer would alter the sur-
face potential, especially if the adsorbed molecules exist in a charged or

partially charged state on the surface.

As used here, the surface potential‘refers to the difference between
the electrostatic potentials inside and outside the metal and will be written
X= v,

in

sensitive property of the surface.

-

- Vout‘ As implied above, the surface potential is a structure

The state of any solid, liquid or gaseous phase containing electrons

may be described thermodynamically by the electrochemical potential :,

where for a solid of essentially fixed volume at constant temperature, ‘: is

defined by
I (bFf@n)T’v | (59)

where F' = U -TS is the Helmholtz potential. The ambiguity associated with
the way in which S depends upon the number of electrons n is removed by
requiring that (2 /0 n)T o~ 0as T—>0. This is equivalent to defining

— H
p as the work done in bringing an electron from infinity and adding it iso-

thermally to a metal of fixed volume. Thus any c: ange in the potential at ths

surface of the matal will alter the electrochemical potential ;Lv .

Neow it is seen readily from Figure 25 that the work function measured

in electron volts can be writien as

$=v_ . - wle (6C)

ou

if we define the chemical potential as

meEp eV, | (61}
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then
g =-X -ple (62)

Defined as it is, p is a quantity dependent solely upon temperature and
the bulk properties of the material., Consequently, changes in @ due to
adsorption are directly related to changes in the surface potential X.
By considering the dipole layer at the surface as a parallel plate capacitor,
the value of the surface potential may be shown to be

X - Mt/eo
where Mt is the total dipole moment per unit area and < is the permittivity
of free space. (MKS units are used)

The work function of a metal is changed as a result of the adsorption
of gases on the surface. 63 That this is the case is not surprising if we think
of the adsorbed gas as having a dipole moment which tends to modify the
total dipole moment at the surface and consequently change the work
function,

A dipole layer of §"dipoles/area, all identically oriented normal to the
surface, may be treated in first approximation as a parallel plate capacites
with plate separation d. The plates then have a uniform charge distribution
Q" e and the product of d and the electric charge e is the effective dipole
moment M. The external field of this layer is zero and the change in work

function is equal to the change in surface potential. Thus,
ap = -a)X = + AM Je (63)

but AMt = G~M, so A@ = O"M/eo,
Writing the coverage 0 = O"/O"o (O‘; is the number of adsorption sites)
then }
Af = + G"o GM/eO
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or

M=¢ AG/T 0 (64)
o o

We note immediately from this that the sign (+ sign for - ions)
of M is dependent upon the charge of adsorbed molecules and the magnitude
is given by the separation of the two charge layers. The three cases
corresponding to van der Waals', ionic and covalent bonds are depicted

in Figure 26.

Experimental Methods

Over the years in which work function measurements have been made,
a number of techniques have been developed63’ 65 and, since each method
has found extensive use, each will be discussed separately. The
measurements will be divided into three categories. The first deals with
methods involving the cathode of an electron emission system and includes
thermionic, photoelectric, and field emission techniques. The second
category also involves electron emission, but the effects being investigated
occur at the anode; these will be referred to as emission contact potential

difference methods. Finally, consideration will be given to the capacitive

contact potential difference method,

Electron Emission Methods

Thermionic Emission. - In thermionic emission, electrons are

emitted from a metal because the tail of the electron energy distribution
within the metal extends above the vacuum level. The current density
of electrons emitted from such a system is shown theoretically to be
dependent upon the temperature of the cathode through the so~called

Richardson equation:

J = AT2 exp E -e¢/1<’Ij (65)

80



where @ is the work function of the metal and A = 120 amp/cmz-degz.
Note that a graph (called a Richardson plot) of J/Tz against 1/kT is a
straight line with slope equal to ef). Thus, a change in the work function
of the cathode will show up as a change in the slope of the Richardson plot,
Experimentally, Richardson plots are found generally to be straight
lines, although the intercept is usually not equal to the theoretical constant
and often @ is temperature dependent. Thus, an experiment designed to
measure the work function changes occurring during adsorption must
include careful temperature control and measurement, as well as emission
current measurements. The Richardson equation is reasonably valid
for single work function cathodes; but if patches of different work function
are present on the surface, emission will arise predominantly from one
patch or another leading to an average work function weighted toward
the lowest value present, Additional difficulty arises in attempting
to measure changes in work function due to adsorption because of the
possibility of thermal desorption, an effect which is exaggerated if the
adsorbate tends to increase the work function, because an even higher
temperature is required to obtain emission. However, it is possible
to measure the change in work function due to adsorption of alkali metals
on refractory metals by this method because significant electron currents

66

are emitted at relatively low temperatures. Also, since the electric
field must be uniform for the Richardson equation to be valid, precautions

must be taken to provide a geometry amenable to this requirement.

Photoelectric Emission. - When electromagnetic radiation of suffi-

ciently high frequency is directed upon a metal surface, electrons are
emitted in a process known as photoelectric emission. 6711: is'a rather easy
matter to show that the threshold frequency for emission is related to
the work function by the expression

h Vo
(<]

¢ = (66)

81



where "Vo is the threshold frequency for photoemission. ' Hence, changes

in work function of the metal surface are given by
ad=2 (V. v (67)
e O

Because of competition from thermal emission, the threshold for photo-
emission is not always easily determined, and it has been found useful to
apply a method devised by Fowler to determine 7/0. The basic equation

in the Fowler analysis68 is written
log (I/T%) = B + F (X) (68)

where I is the photocurrent, B is a constant independent of the frequency,

F (X) is a function having the same form for all metals, and

X = (h V- h‘lJo) / kT

Specifically,
» 2

F(X) = log T +% x% . [exp(—x) - exfz("zx) +eXp3(;3X) --‘J} X =0

Thus, a graph of log (I/ TZ) vs h V/kT will yield a curve identical
to the theoretical F(X) vs X curve except that it will be shifted in the
vertical direction by an amount B and in the horizontal direction by an
amount hv/ /kT. The latter shift is used to obtain V.

For measurements made on surfaces having more than one work
function, the photoelectric measurements yield average values, weighted
in favor of the lowest work functions present. Other difficulties which
are common to the photoelectric method of measuring work function are:
(1) in order to obtain a precise value for §, currents of the order 10-14A
must be measured in the region of 1/0; (2) for work functions of 5 volts
or more, the threshold frequency is in the ultraviolet region which intrg-

duces numerous experimental difficulties.
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Field Emission, - The reader is referred to the seci;ion of this

report dealing with field emission microscopy for.é,‘detaile;;d discussion

of methods of measuring work function. !

i<

-

Emission Contact Potential Difference Methods

Magnetron Method, -~ The magnetron m.ethodeg’ 70? is not widely

used as a means of measuring work functions and therefo;re will be given
only brief mention here. Consider an axially symmetric thermionic diode
system arranged as sho‘vxm in Figure 27 and suppose that a solenoid is
provided for producing an axial magnetic field. The potehtial of an electron

relative to the anode as illustrated by Figure 28, is given 'by
Vo=V +e(T)+(B_-96)) | (69)

where Va is the applied potential, ¢ (T) is a temperature dependent term
related to the distribution in the energies of the emitted electrons, and

¢c and ¢a' are the work functions of the cathode and anode, respectively.

When current is passed through the solenoid, the anode current is
reduced by the effect of the magnetic field. It can be shown that if the
solenoid current is such as to reduce the emitted electron current to

i
1

one-half its initial value,

e 1/2

and hence,
2

1/2 (70)

g =0¢ +¢ (T)+V -KI
a C a

where K is a constant depending upon the geometry of the system. Plotting
2 .
I1/2 against ’Va yields a linear graph with intercept equal to ¢C - ¢a +e (T)
so that ¢a may be calculated readily once ¢C ande¢ (T) are known. ‘The

quantity ¢ (T) is about 0. 2 eV.
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Figure 27, Magnetron system for measuring work function changes of the anode.

Figure 28. Potential energy diagram of an electron relative to the anode.
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Space Charge Limited Diode. - The emission of electron current in

a space charge limited thermionic diode is found to depend upon the three-
halves power of the applied potential and the mean work function of the
anode, 63 The dependence upon the anode work function is such that the
current-voltage characteristic for the system is shifted toward higher or
lower potentials depending upon whether the work function incr:-eases or
decreases, as illustrated in Figure 29. Experimentally, a wide variety
of geometrical configurations are possible and all types of surfaces
including evaporated films have been used. This method is especially
applicable to studies involving adsorption of both electronegative and

electropositive species.

Thermionic Retarding Potential Method of Measuring Work Function.

Consider a plane parallel, two electrode system consisting of a cathode
and an anode with the cathode heated to a temperature T and possessing
a uniform work function ¢C, and the anode at a low temperature and
having a uniform work function ¢a° If a . potential difference is applied
to this system such that a small accelerating field exists at the cathode
surface, the emission current density is given by the well-known Rich-
ardson equation (Equation 65). In this case the barrier to emission is
simply the cathode work function ¢c (Figure 30 (a) ). However, if a
negative potential V of sufficient magnitude is applied to the anode,

the barrier to emission becomes, as shown in Figure 30 (b), ¢a -V,
and it can be readily shown71 that the emission current density is

given by
J = A T2 exp {e(-0 + V)/kTJ =J exp le(d -0 + V)/‘k‘f[] (71)
e a o | c a

(It should be mentioned that implicit in the derivation of Equation (71) is

the conservation of the Maxwellian normal energy distribution). Thus, a
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EMISSION CURRENT

APPLIED POTENTIAL

Figure 29. Current - voltage characteristics for (a) clean anode and (b) anode
with increased work function. ' ’
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Figure 30. Energy barrier to thermionic emission when the current is
(a) cathode-limited, or (b) anode-limited.
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plot of log J , or more conveniently log I, as a function of anode voltage
V results (a) in a straight line independent of V for V2 ¢a’ or (b) in a
straight line with a slope 2.30/kT for VS@C - ¢;}(See Figure 31). The
voltage at the point of intersection of these two straight lines, the so-called
""knee'' of the curve, is just equal to the differencé in the work functions
of the two surfaces (their contact potential).
of the cathode increases the current at any value of V.

Increasing the temperature

Plotting the
current as afunction of temperature in the form of a Richardson plot

resulting straight lines.

(log I/T" versus 1/T) permits determination of the work function of the
cathode for case (a) and of the anode for case (b) from the slopes of the

The simple picture presented above is in practice complicated by
effect,

nonuniform work functions, variation of work function with
temperature, as well as others.

H

a large number of effects, among which are space charge, the Schottky

For the plane parallel diode, space
charge is a srerious limitation; it can be shown

that space charge causes

deviations in the expected I(V) curve for low values of V of either sign, and
that the range of V affected increases with increasing Io, the current

corresponding to the saturation current density JO

This limitation can be

overcome by placing a third electrode with a small aperture in it between
the cathode and the anode and with sufficient potential to reduce space
s charge to a negligible amount.

In this case, however, the current collected
at the anode passes through an aperture which has a divergent lens effect
on the beam, and thus will affect the I(V) curve. This effect can be

ciently high strength such that the maximum possible radius a

reduced to a negligible amount by use of an axial magnetic field of suffi-
73
a:

Mof the

helical path traveled by any electron is less that the radius of the aperture

a

i

(72)
88
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for selected cathode temperatures. The temperatures are obtained
from the slopes of the semilogarithmic portions of the curves.
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where a

M
and H is the magnetic field in gauss.

is in cm, Vc is the voltage of the center electrode in volts,

Nonuniform work functions and deviations in geometry from the
plane parallel case (i.e., effects which disturbthe conservation of
normal energy) affect the I(V) curve primarily by rounding the knee., The
position of the knee under these circumstances may be obtained by extra-
polation of the two straight lines of cases (a) and (b) until they intersect.

A variation of work function with temperature affects the I(V) curves
in two ways: (l) the position of the knee is shifted with respect to the V
axis; (2) the measured thermionic constants Ar and ¢r for the heated
cathode will differ from the constants A and @ in Equation (65). If we
assume ¢C =0 + a T, then a = AV/AT, where AV is the shift in the

oc.
knee for a temperature change AT. Also Equation (65) becomes

2
J = AT exp [- e(_, +aT) /xT]
= A T2 exp ( - ea /k) exp (-—eQ)OC /kT) (73)
assuming other complications such as reflection are negligible in compari-

son with the temperature effect. Thus, ¢r = ’¢oc., and the temperature

coefficient of the work function ¢ may be obtained from

Ar = A exp ( - a/k) (74)

Field Emission Retarding Potential Method. - A field emission re-

tarding potential method for measuring work functions has been developed
recently by Holscher. 4 It has been shown theoretically by Young75 and
verified experimentally by Young and I\/Iﬁller76 that in field emission
electrons are emitted with energies near the Fermi energy of the cathode
with a total energy spread of only a few tenths of an electron volt. In an
experimental tube consisting of a field emission cathode, an accelerating

electrode, and a collector, the potential energy diagram for the system
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may be represented by the graph shown in Figure 32. It may be seen
from this figure that the threshold for collection of electrons emitted
from the Fermi level will be just the work function of the collector. If
electrons were emitted solely from the Fermi level, the collected current
would depend upon the collector potential as shown in Curve(d in Figure
33. Since, however this is not the case, the collected current will
follow Curve(b) in Figure 33,

Of all the methods of determining work function, this method
appears to be the best. In the first place, it permits an absolute measure-
ment of work function. And, because the electrons are emitted from
the Fermi level with a relatively small spread in energy, there is little
uncertainty associated with the experimental results.

A critical consideration in the design of a satisfactory field emission
retarding potential analyzer is that ofensuring that the collected electrons
arrive normal to the collector. surface, because whether or not an
electron with a given energy is collected depends strongly upon the
momentum of the electron normal tothe surface. When this condition is
not fulfilled, the collected current curve will be spread over a wider re-
tarding potential range as represented by Curve (¢)in Figure 33 and,
consequently, a loss in precision of the measured work function will
result. This requires that special attention be given to the. alignment of
the electrodes in the tube as well as to making certain that the collector
surface is smooth. An experimental tube similar to that used by Holscher

is shown in Figure 34.

Capacitor Method., -The contact potential difference between two

metals connected electrically is just equal to the difference in their
respective work functions. The contact potential difference arises from
the transfer of electrons from the metal of lowest work function to the
second metal until their Fermi levels line up as illustrated in Figure 35.

If the two metals are arranged as the two plates of a capacitor, then in
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Figure 32. Potential energy diagram for field emission retarding potential

Figure 33.

method showing that the threshold potential for collection of
electrons is equal to the work function of the collector.
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Retarding potential curves for (a) electrons emitted entirely
from fermi level, (b) for real case of electrons emitted at 77° K
with a spread of energy and a small thermal "tail"™ to left of curve

(2) at threshold, and (c) electrons not collected with normal inci-
dence.
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Figure 34. Field emission retarding potential tube similar to that used by
Holscher.
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Figure 35. Potential energy diagram illustrating the relation of the contact
potential difference VAB to the work functions of two dissimilar
metals A and B.
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the absence of an applied emf an electric field exists in the region be-
tween the plates by the application of a compensating potential, the field
between the plates can be reduced to zero. In other words, the applied
potential necessary to reduce the electric field between the plates to
zero is just equal to the contact potential difference.

Experimentally, one of the plates of the capacitor is used as a
reference electrode of known work function and then the work function
of the second plate is determined by measuring the applied potential re-
quired to nullify the field between the plates. The actural zero field
condition may be determined in two ways. 65 The first utilizes the fact
that an alternating current will flow in an external circuit connecting the
two plates of a vibrating capacitor. When the electric field between the
plates is reduced to zero by the applied p otential, the ac current likewise
reduces to zero. In one such system, the experimental tube was shaped
like a tuning fork with the reference electrode attached to one leg of the
fork and adjacent to a fixed electrode, whose work function was to be
determined. The tuning fork, and hence the reference electrode, was
made to vibrate by means of an electromagnet coupled to the second leg
of the tuning fork.

The second method for determining when the electric field between
the plates is zero is by measuring directly the tendency for charge to
flow as a result of changing the work function of one of the surfaces such
as might occur during adsorption. In this static method, the tendency
for charge to flow through the external circuit is detected electronically
and used to very quickly establish the correct value for the compensating

potential.
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7 ->MEASU-REMENT OF THE BINDING ENERGY
Introduction

An important contribution will be made toward an understanding of
surface-adsorbate interactions when it is possible to determine the shape
~ of the potential energy c.:urve for an adsorbed molecule. Except for a few
specialized systems, it has not yet been possible to theoretically compute
the potential energy for a bound molecule with any degree of accuracy. In
general, the qhanturn mechanical solution of the bonding forces is a difficult
problem of which various aspects have been discussed in Volume II of this

report.

Unfortunately, the determination of potential energy curves by ex-
perimental means is no less difficult and, except for a few scattered examples,
the adsorbent-adsorbate potentials continue to be uncertain. In spite of the
difficulty of measuring the potential energy for a bound molecule, it is
possible to measure adsorption and desorption energies, which are quantities

closely related to the potential energy curve, as demonstrated in Figure 36.

A distinction is made between the heat of adsorption and the heat of
desorption for reasons best explained by the hypothetical potential energy
curve shown iﬁ Figure 37 in which two overlapping binding states are shown.
It is possible for a molecule to exist in one or the other of the two states
separated by a potential‘energy hump. In the case of the particular surface-
adsorbated system depic’ced in Figure 37, the heat of adsorption for the tightly
bound state is seen to be g whereas the heat of desorption is Ea. Here, the

heats of adsorption and desorption are related by

@
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POTENTIAL ENERGY

Figure 36. Potential energy curve for an adsorbed atom on a surface. The
quantity E_ is the binding energy identical, in this case, to the
heat of adsorption and the activation energy of desorption.

POTENTIAL ENERGY

Figure 37. Overlapping potential curves for atom bound to a surface, indicat-
ing that in the tightly bound state the heat of adsorption q and the
activation energy of desorption E“
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where ¢ is the activation energy for adsorption into the tightly bound state.
Since chemisorption is usually observed to occur without an energy
of activation, the distinction between the two heats is unnecessary. How-
ever, a word of caution is needed when the mechanisms of adsorption and
desorption are different. as, for example, in the adsorption of diatomic
molecules such as oxygen which dissociate upon adsorption. 65 Here the
desorption of atoms results with an energy different from the heat evolved

during adsorption.

Experimental Methods

In general, there are three basic methods of measuring binding
energies--they may be determined from adsorption isotherms, calori-
metrically, or from desorption rates. 65 Although the first method is
most common in the study of physical adsorption, there are examples in
which chemisorption has been investigated by means of isotherms. Under
the equilibrium conditions required of thermodynamic measurements,
isothermal data yield heats of adsorpﬁbn., Heats of adsorption determined
from isothermal data depend strongly upon a thermodynamic interpretation
of the data and, therefore, care must be exercised in formulating the
thermodynamic relationships.77 Calorimetric heats of adsorption may be
measured either isothermally or under adiabatic conditions. Strictly
speaking, the activation energy for desorption is measured by rate pro-

cesses such as flashfilament desorption experiments.

Isothermal Heats of Adsorption

If the surface coverage can be expressed as a function of tempera-
ture and pressure, say g~ = g~ (p, T), then it is possible to graphg~ vs
pressure at constant temperature (Figure 38-a). The heat of adsorption

may be derived from a proper analysis of these adsorption isotherms.
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Figure 38a. Adsorption isotherms typical of gases adsorbed on metal
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Figure 38b. Log-log adsorption isotherms for a typical gas-metal system.
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There is a certain amount of ambiguity when it comes to defining

the correct thermodynamic system for the analysis of adsorption. "

The
simplest choice is to regard the adsorbed gas as a single component
system in equilibrium with the unadsorbed gas. Depending upon whether
one chooses the spreading pressure w or the area A as one of the inde-
pendent variables, one is led to integral or differential heats and entropies
of adsorption.

At constant coverage the isoteric heat of adsortpion q;4, is given

by

Aigg = RT? (J1n P/OT), (80)

It can be shown that q; . is related to the differential heat of adsorption

qq as follows

49 = %s0 " RT

Since in general RT is small the two heats are nearly identical.
Another heat of adsorption which is an integral or equilibrium

heat of adsorption is often desired and is given by
2
AH = RT” ( J1n pAT), (81)

The value of this heat lies in its direct application to statistical
mechanical expressions of adsorption. Unfortunately, the measurement of
m as a function of pressure is impractical since it requires the use of a
""surface piston'' which delivers an amount of heat mdA to the surroundings
during the adsorption of dn, moles of gas. Nevertheless, w can be deter-

mined from adsorption isotherms through the Gibbs equation:

p
T o= RT] Pa d(1n p) T = comnst. (82)
o A ’
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It is important to note that AH is related to g, by the following expres-
sion:
TA 3 iy

= g, — ma b T) P.g" (83)

Isotherms may be determined experimentally be measuring the
volume or weight of gas adsorbed. It should be noted that in these
measurements, knowledge of the actual surface coverageaﬁ is not re-
quired provided the area of the adsorbent remains constant.

Volumetric measurements have been made for both films and fila-
ments., 65 A typical evaporated film is shown schematically in Figure
39. A known amount of gas is admitted to reservoir Ry and a small amount
of adsorbate is transferred from R; to R, by first trapping the gas in the
small dead volume between valves V1 and V. Similarly, a fraction of
the gas in R, is admitted to the evaporation vessel and allowed to adsorb
on a freshly deposited film. The pressure difference between the case of
no film present and the case with a film is related to the volume of gas
adsorbed. Plotting this quantity vs the equilibrium pressure at constant
temperature yields the desired isotherm. With a system such as the one
depicted in Figure 39, measurements are possible over a pressure range
of several magnitudes.

Quantitative measurement of the weight of gas adsorbed relies
directly upon the use of a very sensitive ultra-high vacuum micro-balance.
Balances have been constructed with sensitivities of the order of 0.05 x
1076 g, which allow measurements of adsorption on surfaces as small as

10 cmz"

Calorimetric Heats of Adsorption

The energy released during adsorption may be measured calori-
metrically in two ways, isothermally and adiabatically. In the former, the

heat liberated is adsorbed in a liquid or a solid undergoing an isothermal
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Figure 39. Apparatus for measuring isothermal heat of absorption.
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Figure 40. Calorimeter used for measuring heats of adsorption on
evaporated films.
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change. The total heat of adsorption is then proportional to the volume
change in the surrounding substance. In many cases the amount of
substance converted from one phase to another due to the heat evolved is

too small to be measurable, so that isothermal methods are inadequate.

This is especially true in experiments in which fractions of a monolayer are
adsorbed or in which the sample is small as, for example, a ribbon filament.
Under these conditions, adiabatic methods may be used to a decided ad-
vantage.

In adiabatic measurements the surface being investigated is thermally
isolated so that there is no heat exchanged between the surface and its
surroundings during adsorption. Actually, this is an idealization, never
actually realized in practice, but by applying the appropriate corrections,
errors due to heat loss may be reduced to a minimum. 78 Basically,

the heat of adsorption is obtained from an expression of the form

T
983 7 5 diabatic

where C is the total heat capacity of the calorimeter as well as adsorbed
and unadsorbed gases.

A calorimeter which appears to be quite successful in the deter-
mination of heats of adsorption of evaporated films is shown is Figure 40. 78,65
The metal film is evaporated on the inner walls of a very thin-walled glass
tube surrounded by a jacket. The walls of the tube were thinned to a final
thickness of 0.3 mm by etching in an HF solution. Water is passed through
the jacket during evaporation in order to prevent the walls of the calorimeter
from collapsing due to thermal heating, and it is evacuated for thermal iso-
lation during adsorption. Temperature changes were detected by means
of a platinum resistance thermometer wound about the calorimeter. The

sensitivity of one such instrument, in which readings were taken from a

ballistic galvanometer was reported to be roughly 3.4 x 10-2 meter/ degree.,
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Determination of the heat capacity was carried out using a known amount
of heat generated when current was passed through a film deposited on
the inside of the calorimeter.

Although the most frequent applications of calorimetric measure-
ments are to investigations of evaporated films, it is possible to determine
heats calorimetrically for adsorption on ribbon filaments.

Through the use of rather sophisticated electronics, Kisliuk 9 was
able to record changes in temperature occuring during the adsorption of
nitrogen on a tungsten ribbon filament. Temperature changes of the ribbon
(total area was 4 cmz) were measured by an ac bridge operated at 450
cycles/sec with a minimum observable temperature change of 2 x 10-4 OC,
The number adsorbed could be determined by flashing the filament and

noting the corresponding pressure increase.

Rate Determination

The rate at which an adsorbed species evaporates from a surface
is found to depend very strongly upon the binding energy of the species.
Thus, measurements involving the rate of desorption offer a sensitive
means of determining binding energy, which accounts, in part, for the
fact that rate measurements are the most common method for determining
binding energies of chemisorption. There are variations in the experi-
mental procedures for obtaining these binding energies, and, although
they all depend upon the assumption that the desorption obeys an Arrhenius

equation of the form

T = T exp [E/kT], (85)

each method has been treated separately in the following discussion in
order to emphasize their differences. The four major techniques are
referred to as the flash filament, the Langmuir diode, the porous plug

and the pulsed beam techniques.
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Flash Filament Technique

This technique has been discussed in detail in an earlier section
and essentially consists of observing the rate of desorption of an adsorbate
from a filament surface that is heated in a controlled manner. The shape
of the pressure vs time curve is significant and may be interpreted in

terms of the heat of adsorption.

Langmuir Diode

The diode method of measuring heats of desorption of ions was
first used by Taylor and La.ngrnuirso and consists of a straight wire fila-
ment placed axially within a guarded ion collector. Adsorbate vapor is
allowed to fill the otherwise evacuated cell to some desired pressure and
after a monolayer of the vapor has adsorbed, the filament is flashed to
some prescribed temperature and the ions thus formed are collected. The

decay in ion current is assumed to follow the law

=15 exp [-t/T] (86)

and by measuring J*at various temperatures, the binding energy may be

found from Equation (85).

Porous Plug

The most recent of all the methods outlined here, the porous plug
technique appears to have received only limited application., Basically,
the experiment consists of a hollow cylindrical cavity, which may be
heated, with one end enclosed by a sintered porous metal plug. The
cavity is filled with the adsorbate capable of being surface ionized and
allowed to diffuse through the porous plug which, upon reaching the outer

surface, is thermally desorbed. As usedby HusmannS ! (Figure 41), a
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Figure 41. Porous plug system used by Husmann for determining the desorp-
tion energy of alkali-ions.
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Figure 42, Schematic representation of pulsed beam apparatus used by Scheer
and Fine to determine ion desorption energies.
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biased control electrode prevented alkali ions from leaving the surface
until an equilibrium concentration had built up from diffusion. When
equilibrium had been established, the control electrode polarity was
reversed, drawing the positive ions away from the surface so that they
could be collected at a Faraday collector. The decay in the ion current
was observed to be exponential and was assumed to follow Equation (86).
Measurement of {*for a number of different temperatures permitted one to

determine the heat of desorption from Equation (85).

Pulsed Beam Technique

If a bearn of atoms or ions is allowed to fall incident upon a heated
surface (See Figure 42), a certain number of these particles are desorbed
at a rate which depends upon the binding energy and temperature. Now,
if the beam is pulsed in the form of square pulse, the decay of the desorbed
pulse will look something like the curve (b) in Figure 43. The decay obeys
Equation (86) and, again, measurements at different temperatures allow
one to determine the heat of desorption from Equation (85). This method
has been used extensively by Scheer and FineS2 to determine the heats of

desorption for various alkali iomns.

Field Emission

Field Electron Microscopy

Field electron microscopy has been used rather extensively to
determine the binding energy of an adsorbate. The procedures used
have been discussed in some detail in the earlier section on field emission
microscopy. In short, field electron microscopy permits one to determine
the rate of coverage change from the rate of change of work function as
a function of heating temperature, and from this, one is able to compute

the heat of adsorption.
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Figure 43. Representative oscillographs comparing the beam pulse on the
left and the desorbed pulse on the right. The amplitudes in
each case are not in the same units.
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8 - SURFACE COVERAGE

The surface coverage is an important parameter in adsorption
Phenomena and, because of the nature of most real surfaces, is often
difficult to ascertain. In order to establish an absolute adsorbate density,
the surface area of the substrate must be established. As it is now well-
known that equilibrium shapes of macroscopic surfaces often are not
smooth and planar, the surface roughness factor must be critically exa-
mined before the true surface area can be established. For surfaces
with extremely large surface-to-volume ratios, such as field emission
tips, the dominant surface tension forces assure a nearly atomically
smooth surface. Unless, otherwise specified, adsorbate surface density
must be obtained indirectly by assuming a surface roughness factor or a
monolayer coverage density. A variety of methods, including volumetric
and gravimetric measurements, can be employed ta obtain the total
amounts adsorbed. Flash filament methods establish total amounts ad-
sorbed by noting the pressure change and thereby the amount adsorbed
on flashing a filament., Atomic or molecular beams of predetermined
flux density impinging on a surface constitutes another method of deter-
mining the amount adsorbed provided sticking coefficients are known.
Most of these methods can also be used to establish relative coverage.

Upon establishing work function-coverage relationships, the
measurement of work function can be employed to establish adsorbate cov-
erage. When adsorbate coverages are measured relative to monolayer
coverage, it is important to establish an unambiguous definition of the
monolayer coverage. This is not only difficult theoretically but also

practically, especially when polycrystalline surfaces are employed.
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SECTION B-COMPILATION OF EXPERIMENTAL DATA

In this section, we summarize the pertinent adsorbate-substrate
parameter, eg, energies, activation energies for diffusion, work function
changes due to adsorption and adsorbate density, for a variety of metal
substrates. Some quantitative information on dipole moments and stick-
ing coefficients is also given. The philosophy of data selection has been
discussed and adhered to in this compilation. Obviously, in reviewing
such a large body of data some important results will have inadvertently
been omitted.

The quantitative data have been summarized and categorized alpha-
betically according to substrate. For each substrate, the adsorbates have
been categorized alphabetically, Cross-tabulation of the data according
to experimental parameters have been given at the end of this section.

Reference to the experimental methods used is given in the text
by the set of initials following the author's name and the date. The
following Table of Techniques gives the techniques to which the initials apply.
Most of these techniques have been described in Section A. The biblio-

graphy of authors referenced in Section B is presented at the end of the

section,
TABLE .OF TECHNIQUES
CP - Contact Potential refers to any one of a variety of techniques
in which the difference of potential between a reference elec-
trode and an electrode of unknown work function is measured.
EID - Electron Impact Desorption is discussed in detail in Section A

and refers to desorption of atoms from a surface by electron.

bombardment.
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FD - Field Desorption refers to techniques involving desorption due

to high fields at the surface of a field emitter tip.

FEM - Field Electron Microscopy refers to tunneling of electrons
through a thin potential barrier surrounding a needle-shaped
tip and subsequent radial expansion of the electron beam to
a phosphor screen. Effects of adsorbates on the potential

barrier may be studied.

FF - Flash Filament refers to a variety of techniques discussed in
Section A where experimental parameters are measured from
the kinetics and thermodynamics of interaction of a gas with

a macroscopic surface area.

FIM - Field Ion Microscopy is a technique where ions which come
within a high field region close to a sharp tip are ionized and
travel radially outward to a phosphor screen where they form

a pattern which specifies positions of atoms of the tip.

LEED - Low Energy Electron Diffraction refers to the bombardment
of a single crystal surface with low energy electrons. Owing
to their wave nature, the electrons are diffracted as they
interact with the lattice and produce a regular array of spots
on a screen behind the source. The array is altered by the
presence of adsorbates and gives information on the arrangement

of adsorbates on single crystal planes.

LD - Langmuir Diode refers to a technique used for measuring
alkali desorption rates by intercepting a fraction of desorbing
species and ionizing them on a hot tungsten filament. The rate
of neutral or ionic desorption can be determined by application

of appropriate potentials.
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MS - Techniques where a mass spectrometer is employed to analyze

desorption products.

PB - Pulsed Beam is a method of determining adsorption lifetimes
on a heated surface by use of a pulsed beam of adsorbate and

observing the decay of adsorbate ion currents between pulses.

PP - a heated porous plug of metal is used to surface ionize the
adsorbate.
RT - Radiotracer Techniques refers to the use of radioactive isotopes

of adsorbates to determine surface concentrations.

TE - Thermionic Emission refers to a general body of techniques
where experimental parameters are determined from thermionic-

ally measured work function variations from a heated substrate.

TFC - Thin Film Calorimetry refers to a technique in which gas is
adsorbed onto a thin film of metal and the actual temperature
change of the film due to adsorbate-substrate interaction is

measured.

TFCP

Thin Film Contact Potential refers to surface potential measure-

ments applied to thin films.

EXPERIMENTAL RESULTS

ALUMINUM

Oxygen. ~ An integral heat of adsorption of 9.2 eV was measured
for oxygen on aluminum thin films. (Brennan, et al, 1960, TFC). On ex-
posure to dry oxygen, the work function of aluminum was observed to
decrease with increasing fractional monolayer coverage reaching a mini~
mum value about 0.05 eV below the fresh surface value at monolayer
coverage before increasing with further oxygen exposure. This unusual

insensitivity of the work function to oxygen coverage was explained on the
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basis of a two-site chemi-sorption model involving dissociation of the o,

on adjoining sites and a place exchange of one of the oxygen atoms with an
underlying aluminum atom (Huber and Kirk, 1966, CP). Employing FEM
techniques, the first effect of exposure to 02 was a decrease in emission,
most notably on the vicinals of the cube face. The planes least affected

by oxygen exposure were the most closely-packed (111) planes. The

oxide exhibited no regular structure itself, nor did it seem to form a cohesive
film in the earlier stages of oxidation. In later stages, it was sometimes
noted that the patterns became less irregular, almost as if a cohesive and

smooth film were forming (Melmed and Gomer, 1961).

Water and Oxygen. - Water vapor lowers the work function of both

the fresh surface and an oxygen exposed surface about 1 eV. This is
consistent with the polar nature of water, assuming either I—IZO or OH
groups chemisorbed on the metal oxide surface with the hydrogen outward.
Microbalance and work function data indicate that water initially reacts with
a fresh metal surface to produce a monolayer of oxide before forming the

hydrogen outward dipole layer (Huber and Kirk, 1966, CP),

BERYLLIUM

Cesium. - The vacuum thermionic work function for polycrystalline
beryllium was 3. 67 eV (Wilson, 1966a, LD)., Adsorption of cesium yielded

a work function of 1.94 eV with no apparent minimum (Wilson, 1966b, LD),

CHROMIUM

Carbon Dioxide.- The average integral heat of adsorption was given

as 3.5 eV (Brennan and Hayward, 1965, TFC).

Carbon Monoxide. - The initial sticking probability was determined

to be 0.2 (Haque and Farnsworth, 1964, LEED),

Cesium. - The vacuum thermionic work function for polycrystalline

chromium was reported as 3.90 eV (Wilson, 1966a, LD). Adsorption of
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cesium yielded a minimum work function of 1. 71 eV and 1.94 eV for a

saturated surface (Wilson, 1966b, LD).

Nitrogen. - An initial sticking probability of 0.03 was determined

for nitrogen on chromium (Haque and Farnsworth, 1964, LEED).

Oxygen. - A maximum work function increase of 2.1 eV was deter-
mined upon adsorbing oxygen at 78°K (Quinn and Roberts, 1964, TFCP).
The mean integral heat of adsorption was reported as 7.05 eV (Brennan,
et al., 1960, TFC). An initial sticking probability of 0.3 was measured
(Haque and Farnsworth, 1964, LEED),

COBALT

Carbon Dioxide. - The initial heat of adsorption was given as 1.6

eV (Brennan and Hayward, 1965, TFC),

Carbon Monoxide. - The initial heat of adsorption was given as

2.0 eV (Brennan and Hayward, 1965, TFC).

Oxygen. - The initial heat of adsorption was given as 4.3 eV

(Brennan et al., 1960, TFC).

COPPER

Barium Oxide. - Adsorption of barium oxide onto a thin film of

copper caused the work function to decrease from 4.3 to 2.1 eV (Ptushin-

skii, 1960, TFCP),

Carbon Monoxide. - Carbon monoxide adsorbed on a thin film of

copper deposited at 900K produced a work function decrease of 0.315

eV (Pritchard, 1962, TFCP),

Cesium. - The vacuum thermionic work function for polycrystalline
copper was measured at 4,42 eV (Wilson, 1966a, LD). Adsorption of

cesium vyielded a work function of 1.64 eV and with no apparent minimum
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(Wilson, 1966, LD),

Hydrogen. - Adsorption of hydrogen on copper-films deposited and
kept at 90°K resulted in a work function increase of 0.35 eV. The
activation energy for desorption at low coverage was found to be 0. 74 eV.
(Pritchard, 1962, TFCP). Hydrogen adsorption caused no change in
the work function on the (100) face of a copper single crystal (Lee and

Farnsworth, 1965, LEED),

Nickel. - Nickel was evaporated one monolayer at a time on a clean
(111) copper single crystal substrate and studied by LEED techniques.
The condensed layers formed an ordered structure at 200°C with the same
orientation as the substrate but with the lattice spacing of nickel. The
successive monolayers grew epitaxially with respect to the preceding
layer, always maintaining the lattice spacing of nickel. A maximum of
5monolayers was evaporated. The first three layers of (111) nickel
contribute essentially all of the diffracted intensity up to 250 V and the
first two monolayers were similarly effective below about 150 V. One
monolayer coverage produced a large change in the intensiy distributions

from copper (Haque and Farnsworth, 1966, LEED).

Nitrogen. - Ground state nitrogen did not adsorb on a Cu (100) surface.
Adsorption of both molecular and atomic nitrogen occurred when the gas
was subjected to electron impact during exposure (Lee and Farnsworth,

1965, LEED),

Oxygen. - A surface oxygen net, having oblique swnm?try, was
formed on the Cu (100) plane by oxygen exposures of 1 x 10_5 torr/min
at room temperature. Exposures greater than 3 x 10-5 torr/min produced
a three-dimensional structure providing a surface described by Cu (100)
2 x 4-45°-0 (Lee and Farnsworth, 1965, LEED). The addition of a
large single dose of oxygen to a clean copper film at 298°K caused the

work function to increase by 1.46 eV (Quinn and Roberts, 1964, TFCP).
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GOLD

Carbon Monoxide, - Carbon monoxide adsorbed on a gold film at
90°K caused the work function to decrease by 0,805 eV (Pritchard, 1962,
TFCP),

Hydrogen. - Hydrogen adsorbed onto a gold film deposited and
kept at 90°K resulted in a work function increase of 0,193 eV (Pritchard,
1962, TFCP). It was shown that exposure of gold whiskers to 1072 torr
of HZ produced no observable pattern or work function changes (Melmed
and Gomer, 1961, FEM),

Mercuzry, - A value of 4,89 + 0.06 eV was obtained for the minimum
work function of mercury on gold (Lawson and Carter, 1966, CP), It was
shown that mercury is extremely reactive toward gold, adsorbing on its
surface with a high sticking coefficient, and lowering the work function of
gold by about 0.5 eV. The value for the work function of gold was found
to be 5,22 + 0.05 eV, It was pointed out that several previous measure-
ments of the work function of gold are incorrect due to the high reactivity of
mercury with gold which can occur in bakeable vacuum systems utilizing

mercury diffusion pumps (Huber, 1966, CP),

Oxygen, - Exposures of gold to 1075 torr of Oz produced no observable
pattern changes but decreased electron emission by 40% (Melmed and
Gomer, 1961, FEM),

IRIDIUM

Acetylene, Ethane, Ethylene, and Hydrogen., - The qualitative char-

acter of field electron emission patterns indicated a rather uniform covering
of the high index faces of iridium by all species studied in the temperature
range 70-300°K, Hydrocarbon species, once chemisorbed, are substan-
tially immobile at temperatures helow 700°K; above 700°K an increase in

electron emission, probably due to carbonization, occurs around the edges
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of the (111) planes. Iridium surfaces containing adsorbed species were
flash heated for controlled periods of time to controlled temperatures;
characteristic changes in work function resulted which were both time and
temperature dependent. These experiments indicated that hydrogen is
readily desorbed from iridium above 400°K, and that a large portion of the
adsorbed ethane is readily desorbed at IOOOK; but a residue from adsorbed
ethane is not desorbed below 1000°K. For a given heating time, curves
representing work function as a function of temperature for adsorbed
ethylene and acetylene showed characteristic differences below 450°K.
Results were interpreted as indicating chemisorbed acetylene and chemi-
sorbed hydrogen, desorption of chemisorbed hydrogen, dehydrogenation

of chemisorbed acetylene and finally, crystallization of carbon residue

{(Arthur and Hansen, 1962, FEM),

Carbon Monoxide. - Two types of adsorption sites were observed

in the field ion microscope when carbon monoxide was adsorbed on iridium.
The adsorption sites can be distinguished by the position of the adsorbate

over either one or two surface atoms. The first type was considered to be
a single adsorbed atom, the second, an adsorbed molecule. Field desorption
of carbon monoxide from iridium caused corrosion of the substrate which
was attributed to oxygen dissociated from the molecule by electron impact

desorbtion (Mulson and Miiller, 1963, FIM).

Cesium, - The vacuum thermionic work function for polycrystalline
iridium was measured at 5.27 eV (Wilson, 1966c, LD). Adsorption of
cesium yielded a minimum work function of 1.79 eV and 1.86 eV for a

saturated surface (Wilson, 1966d, LD).

Hydrogen. - An atomically bound state found for sam ples dosed at

300°K exhibited an initial activation energy for desorption, E, = 1.0 eV

and desorbed at higher coverages according to E(a;):Eo - g~ where g is

-1
0.6 +- 0.1 eV (lolsmolec/cmz) . The desorption spectrum for samples
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dosed at 100°K contained two peaks, a and B. The distribution of the
isotopes in the desorbed phase formed from coadsorbing HZ and D)
indicates that both states are atomically bound (Mimeault and Hansen, 1966,
FF-MS).

Nitrogen. - Two types of adsorption sites were observed in the field
ion microscope with nitrogen adsorbed on iridium similar to carbon
monoxide adsorption. Field desorption of a nitrogen atom from a single
site also removed the underlying iridiurm atom but desorption of a nitrogen
molecule did not corrode the iridium substrate (Mulson and Muller, 1963,

FIM).

IRON

Carbon Dioxide.~ The initial heat of adsorption of carbon dioxide

was measuredat 3.0 eV (Brennan and Hayward, 1965, TFC).

Carbon Monoxide, - The initial heat of adsorption of carbon mon-

oxide is given as 2.0 eV (Brennan and Hayward, 1965, TFC).

Cesium.~- The vacuum thermionic work function of iron was measured
to be 4.2 to 4.6 eV (Wilson, 1966a, LD). Adsorption of cesium vyielded a
minimum work function of 1.82 eV and 1.84 eV for a saturated surface

(Wilson, 1966b, LD).

Nitrogen. - Nitrogen adsorbed on aniron film caused the work function
5
to decrease by 0.27 eV up to a coverage of 1 x 1015mdec/cm (Suhrmann,

et al, 1963, TFCP).

Oxygen. - Successive oxygen doses resulted in a work function increase
of 1.55 eV for a film at 78°K. Subsequent warming of the film to 193°k
reduced the work function increase to 0.5 eV (Quinn and Roberts, 1964,
TFCP). The initial heat of adsorption of oxygen was measured to be 5.9
eV (Brennan, etal, 1960, TFC),
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MANGANESE

Carbon Monoxide. - The initial heat of adsorption of carbon monox-

ide was measured as 3.4 eV (Brennan and Hayward, 1965, TFC).

Oxygen. - A value of 6.5 eV was measured for the initial heat of
adsorption of oxygen (Brennan and Hayward, 1965, TFC).

MOLYBDENUM

Barium. - The work function was measured thermionically by the
Richardson method for three faces of single crystal molybdenum:
¢110 =5,10 + 0.05 eV, ¢100 = 4.40 + 0.05 eV, § 1) =415 + 0.05 eV,
using an arrangement employing both spherical and plane electrodes. In
the case of a spherical specimen a lower value of 4.8 to 4.9 eV was ob-
tained for ¢110. - Evaporation of barium on the (l111) face lowered the
work function to 2.3 + 0.1 eV. The mean heat of adsorption of barium on
the (111) face of the molybdenum crystal was determined from adsorption
curves as Hyj; = 3.90 - 4.00 eV (Azizov, et al, 1966, FEM-TE).

- Carbon Monoxide. - The initial heat of adsorption on a thin film

was measured as 3,2 €V (Brennan and Hayward, 1965, TFC), O+ ion

yield from a fully covered surface demonstrated a maximum value of
3x 10_7 ions/electron at an incident energy of 100 eV for electron im-
pact desorption (Redhead, 1964b, EID)., Cross sections are given for
electron impact desorption of ot from CO covered molybdenum of 3 x
10"21 cz:nz for B phase. The threshold for ionization was found at 20 eV.
This suggests that the electron interaction with surface CO may not be
significantly different from the gas phase electron-CO interaction. The
mechansim theorized was of a CO molecule ionized to C0+ which will not
itself desorb. If it is raised, however, to a repulsive excited state, it

may fragment and desorb an Of ion. The smaller desorption cross section

for OF from B CO is explained by its smaller distance from the surface
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(Lichtman et al, 1966, EID-FF),

Cesium. - A minimum work function of 1.5 eV was determined by
field electron émission techniques yielding a maximum work function change
of 2,70 eV. The work function-coverage curves agree closely with existing
ones measured by thermionic methods. A study of the temperature effect
on work function for cesium on molybdenum showed a negative temperafure
coefficient of approximately 1.3 x 10°4 eV/deg (Swanson, et al, 1964a,
FEM). The activation energy for surface diffusion was measured by
field electron emission techniques to 0.43 + 0.1 eV (Bennette, et al,

1966, FEM). Field effects were found to be the same as for tungsten.

The heat of desorption of csT from molybdenum was given as 1.72 eV

with a pre-exponential factor f(“o = 12.3 x 10713 sec (Husmann, 1965,

PP). The vacuum thermionic work function of molybdenum was measured
to be 4.0 to 4.3 eV (Wilson, 1966c¢c, LD). Adsorption of cesium yielded a
minimum work function of 1.61 eV and 1.77 eV for a saturated surface.
(Wilson, 1966d, LD),

Gold. - The heat of desorption was found to be 4.2 + 0.2 eV and the
pre-exponential factor was 0.5 x 10-13 sec (Von Goeler and Luscher,

1963, RT).

Hydrogen. - The initial heat of adsorption is given as 1. 74 eV
(Cerny, etal, 1966, TFC). The sticking probability of hydrogen was found
to be 0.35 for polycrystalline filaments, and a surface coverage of 8.2 x

1014 atoms /cm2 was reported at 295°K. Saturation surface coverages were

independent of pressure for the range (10'8

- 1073 torr) studied, but
strongly temperature dependent from 225 to 500°K. Adsorbed hydr;)gen
was readily displaced by other gases. The sticking probability versus
coverage is shown in Figure: 44 at several temperatures (Pasternak and
Wiesendanger, 1961, FF). Hydrogen is readily desorbed at e~ 900°K.

CO is much more tenaciously bound than H, (Moore and Unterwald, 1964, FF).
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Figure 44. Sticking probability vs surface coverage for hydrogen on molyb-
denum. The temperatures are in degrees Kelvin. From
Pasternak and Wiesendanger, J. Chem. Phys., 34, 2062 (1961).

I'g N T T T T T ]
‘ e N K X e X s Y
o o~ T 225°K .
Do,y ~ \
\A o <
\A\450 YO5
2[=o-o a 'y Y -
t S~ 70
2 10 [ . y; —
o = i \A B
<1 ju]
fee] ~a %
o B g \ 3 7
'3 S A
a g,
N ) \
(O] | =] [} -]
z \ \
X
O =2 s a \ X
= °F S
[ \ s\ X
o o N
B i X e \
Q \ ? X
o
\ \ \
= 3 .
10 1 1 1 1 |
- 0 l 2 3 4 5 6

o x10™ (aTOMS/CM?)

Figure 45. Sticking probability vs surface coverage for nitrogen on molyb-
denum. From Pasternak and Wiesendanger, J. Chem. Phys. 34,
2062 (1961).
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Mercury. - The terminal coverage heat of desorption was measured
tobe 1.827% 0.15 eV with a pre-exponential factor of 1.6 x 1014 sec.
Increasing coverage caused the work function to increase by 0.40 eV at

@~0.4 to a maximum of 4.6 eV, then decrease (Swanson, 1967, FEM),

Nickel. - Nickel was found to adsorb ''coherently'' on molybdenum
and preferentially on the {111) planes of the substrate. For coverages of
about 1/5 of a monolayer, the activation energy of surface migration was
measured at 1,48 + 0.06 eV. The desorption energy measured was
2.10 + 0.05 eV and did not vary with degree of coverage. Multilayers of
nickel were also investigated (McIrvine and Bradley, 1957, FEM).

Nitrogen. - In the adsorption of nitrogen on molybdenum poly-
crystalline filaments, the saturation surface coverage decreased about
30% as the temperature.was raised from 222°K to 710°K, and the initial
sticking probability decreased from 0.7 to 0.2 as the higher temperature
was approached. At room temperature, the initial sticking probability of

4 at / crn2 measured.

0.7 was found and a surface coverage of 4.4 x ].01
A plot of sticking probabilities versus surface coverage is shown in

Figure 45 at various temperatures for nitrogen on molybdenum filaments
(Pasternak and Wiesendanger, 1961, FF). The initial sticking probability
for nitrogen on molybdenum films was found to be 0.6 at room temperature,

but the shape of the sticking probability versus coverage curve did not agree

with those obtained from flash filament work (Pasternak, et al, 1966a, TF).

Oxygen. - The maximum work function change for oxygen adscrbed
on molybdenum films was 1.65 eV. No distinction between values of the
work function obtained at 77°K and 298°K could be made. Addition of
hydrogen to an oxidized film at 25°K produced no change, but at about
423°K the work function decreased as hydrogen was slowly adsorbed (Quinn
and Roberts, 1964, TFCP), Flash filament studies showed two desorption
peaks. These could be resolved by heating the filament to 1300°K in about
1 sec. The peaks occurred in the ranges 300-600°K and 800-1000°K
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{Gasser and Schuftan, 1963, FF). The initial heat of adsorption was mea-
sured as 7.5 eV (Brennan, et al, 1960, TFC). Observations by Redhead
show that oxygen is adsorbed in two states at room temperature from

electron impact desorption with approximate heats of adsorption of 2. 6 and

4.8 eV. Neutral desorption cross sections were found to be 7.8 x 10’22

em? and 1.3 x 10-18 cmZ respectively for the two states and ion desorption

-23 o? and 2.6 x 1020 cm? respectively at

cross sections were 1.4 x 10
an electron energy of 100 eV. The ion formation threshold energy was
found to be 17.6 + 0.2 eV. (Redhead, 1964a, EID). The LEED structures
observed as oxygen adsorbs on Mo (110) were found to be similar to those

for W (110) (Hass and Jackson, 1966, LEED),

Silver. - The desorption energy of silver was measuredas 1.9 +

0.3 eV (Von Goeler and Peacock, 1963, RT).
NICKEL

Barium. - Adsorption of barium resulted in a maximum work function
decrease of 2.2 eV. Barium oxide adsorption decreased the work function

2.9 eV (Ptushinskii, 1961, TFCP).

Carbon Monoxide. - Carbon monoxide was found to adsorb on nickel

in three states with desorption energies at 0.15, 0.28, and 2.28 V. The
differential activation entropies calculated from the experimental data for

these states were -44.5, -42.2 and 8.4 cal/mole-deg (Degras, 1965, FF),
The initial heat of adsorption has been measured as 1.83 eV (Brennan and Hay-
ward, 1965, TFC). Exposure of a clean (110) nickel surface to CO pressures

6 to 1077 torr does not yield any new diffraction orders.

in the range 10~
However, the intensity of the diffraction beam changes markedly. The
photoelectric work function increased by 0.3 eV (Park and Farnsworth,

1964b, LEED),

Cesium. - A layer of cesium resulted in a work function decrease

of 2.9 eV (Ptushinskii, 1961, TFCP). The vacuum thermionic work
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function of nickel was measured to be 4.4 to 4.86 eV (Wilson, 1966a, LD).
Adsorption of cesium yielded a work function minimum of 1.6 to 2.4 eV and
a work function of 1.6 to 2.4 eV for a saturated surface (Wilson, 1966b, |
LD). Field electron emission techniques yiélded values of 3.1 + 0.2eV
for desorption of cesium atoms and 2.2 + 0.2 eV for desorption of cesium
ions. The work function minimum was found to be 1.38 eV resulting in

a work function decrease of 3,62 eV (Bennette, C. J. et al, 1967, FEM),

Hydrogen. - It was found that boundary-free migration occurs at
coverages up to 8~ 1 with an activation energy of 0.30 + 0.04 eV by
field electron emission studies. For 0> 1 spreading occurs near 4°K,
as with hydrogen on tungsten. The activation energy of desorption of
H, from nickel was measured to be 2.0 + 0.13 eV for 0£<0.1 from the
temperature variation of the desorption rates. The failure to observe on
nickel the intermediate coverage boundary spreading found on tungsten by
field emission techniques is believed to result from the fact that nickel
is much more closely packed, so that all portions of the nickel surface
seem ‘''smooth'' to H atoms. Evidence in favor of this argument is found
in the fact that the ratio of the diffusion to adsorption activation energy is
approximately unity for nickel. This ratio corresponds to that found for
radial boundary diffusion on tungsten (Wortman, et al, 1957, FEM),

A field dependent transformation in the adsorbed film was found between
2° and 4°K and interpreted as a shift in the equilibrium between adsorbed
Hy molecules and the terminal fraction of adsorbed H atoms. The
implications of this result for the mechanism of Hy-D, exchange can be
considered (Wortman, et al, 1957, FEM). An isoteric heat of adsorption
of 1.2 eV was measured for hydrogen adsorbed on a (110) surface of a
nickel single crystal{Germer and MacRae, 1962a, LEED). The average
integral heat of adsorption was given as 0.95 eV (Brennan and Havyes,

1964, TFC).
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Oxygen. - The maximum work function change on a nickel thin film
was 1.4 eV for a deposit formed and held at 78°K. (Quinn and Roberts,
1964, TFC). The initial heat of adsorption of oxygen on nickel was 4.6
eV (Brennan, et al, 1960, TFC). When oxygen is adsorbed on the (110)
surface of nickel at room temperature, the substrate is separated from
the oxide by distinct strata representing increasing oxygen ccntent. The
atoms in these strata are regularly arranged in substitutional sites to
form structures related to those of nickel until the composition NiO is
reached. A similar oxidation process is observed for the (111) and (100)
faces. From indirect evidence involving oxygen sorption on a surface
previously covered with CO, the Ni30 structure is estimated to be at

least 10 atomic layers thick (Park and Farnsworth, 1964a, LEED),

Silver. - The heat of desorption of silver from nickel was determined

tobe 1.6 + 0.3 eV (Von Goeler and Peacock, 1963, RT).

NIOBIUM

Carbon Monoxide. - There are at least two chemisorbed binding

states, the weaker one being desorbed above 150°K. The field electron
emission patterns resulting from heating to 600°K and above indicate a
decomposition of the CO held on the surface in the more strongly bound

state. Heating a CO covered surface in the region of 150°K lead to a
characteristic mottling of the field electron emission pattern ascribed to
surface clustering. Evidence that adsorption and desorption are irreversible
was given. The work function increase due to CO adsorption was found

to be 0.7 eV (Klein and Little, 1964, FEM).

Cesium. -~ The vacuum thermionic work function of nicbium was
measured to be 4.19 eV (Wilson, 1966a, LD). Adsorption of cesium
yielded a work function minimum of 1.44 eV and 1. 63 eV for a saturated

surface. (Wilson, 1966d, LD),
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Nitrogen, -~ Nitrogen adsorbs onto niobium with aninitial sticking
probability of about 0.4 at 298°K and a surface coverage of 7 x 1014 atoms/
 cm?.  Above 400°K nitrogen diffuses into the bulk (Pasternak, 1965, FFD),.
The heat of desorption was determined to be 2.4 eV (Pasternak, et al,

1966b, FF).

Oxygen. - The initial heat of adsorption measured was 9.0 V.
(Brennan, et al, 1960, TFC). For a well outgassed sample, the room
temperature sticking probability measured initially at 0.8 drops linearly
with coverage to zero at a coverage of 6.5 x 1014 rnolecules/cmz. At
temperatures above approximately 500°K sorption continues beyond an
amount which would be equivalent to a monolayer. At high temperatures,
oxidation and solution take place in a fashion which indicates two adsorption
states on the surface. When the sample is heated at high temperatures,
no molecular oxygen is evolved; and the oxygen is desorbed as oxide and

possibly some atomic oxygen (Pasternak and Evans, 1967, FF),
OosMIUM

Cesium. - The vacuum thermionic work function of osmium was
measured to be 4.83 eV (Wilson, 1966¢c, LD). Adsorption of cesium
resulted in a work function of 1.44 eV for a saturated surface with no

apparent minimum (Wilson, 1966d, LD),
PALILADIUM

Carbon Monoxide. - The initial heat of adsorption of arbon monoxide

was found to be 1.9 eV (Brennan and Hayward, 1965, TFC).

Oxygen. - An initial heat of adsorption of 3.0 eV was measured
for oxygen an.palladium (Brennan, et al, 1960, TFC),

PLATINUM

Carbon Monoxide. - The initial heat of adsorption was measured at
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2.1 eV (Brennan and Hayward, 1965, TFC). Two structuresform on the
(100) plane of platinum corresponding to highand low coverage. The low
coveragg phase has a structure 1 x 3 times the Pt (10) spacing with major
axes parallel to the Pt (10) directions., The high coverage phase has a
structure 2 x 4 times the Pt (11) spacing with major axes parallel to the

Pt (12) directions {Tucker, 1964a, LEED),

Cesium, - The vacuum thermionic work function was measured to be
5.6 to 5.8 eV (Wilson, 1966a, LD). Adsorption of cesium yielded a work
funétion minimum of 1.59 eV and 1,66 eV for a saturated surface (Wilson,

1966b, LD).

Hydrogen. - Hydrogen chemisorption at 300°K to a maximum cove rage
of about 0.2 monolayer was attained at a rate corresponding to a sticking
probability of 0.001. The heat of desorption was found to be 1.13 eV
(Wiesendanger, 1963, FF),

Nitrogen. - No chemisorption of nitrogen occurs on platinum at

300°K and at pressures below 10_7 torr (Wiesendanger, 1963, FF).

Oxygen. - It was found that under certain circumstances heavy
oxygen contamination of platinum was nearly impossible to remove, and
there appeared to be a definite interaction of the oxygen with the platinum
field emission tips (Melmed, 1965a, FEM). The initial heat of adsorption
measured was 3.0 eV (Brennan, et al, 1960, TFC). From diffraction
pattern observations, it is concluded that adsorption of oxygen on the (110}

face leads to rearrangement of the top layer of platinum atoms (Tucker,

1964b, LEED),

RHENIUM

Barium, - The heat of desorption and pre-exponential factor of Ba,+

are given as 4.74 + 0.21 eV and (0.6 + 0.4) x 10‘“:l3 seconds respectively
(Scheer and Fine, 1963a, PB).
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Cesium. - The heat of desorption and pre-exponential factor of Cs
have been determined by three different techniques and are listed in the

following table:

7‘O(sec) Ep(eV) W orker
+ ~-13
Cs 1.93x 10 . 1.96 (Taylor, 1964a, LD)
-1
cst 11.4x107%3 2.2 . (Husmann, 1965, PP)
-13
Cs' (1.9 £0.9)x 10 2.04 +0.04 (Scheer and Fine, 1963a, PB)

The vacuum thermionic work function of rhenium was measured to be

4. 96 eV (Wilson, 1966a, LD). Adsorption of cesium yielded a work function
minimum of 1,51 eV and 1.56 eV for a saturated surface (Wilson, 1966d,
LD). Using field emission techniques adsorption of cesium on rhenium gave
a work function minimum of 1.45 + 0.05 eV and a work function of 1.80 +
0.03 for a saturated surface (Swanson, et al, 1964a, FEM). Swanson, et al,
also determined activation energies for desorption of cesium atoms and ions
and measured 3.8 eV and 2.0 + 0.1 eV respectively. The activation energy
of surface diffusion was measured in the range of 0.33 to 0.39 eV

(Swanson, L. W., etal, 1963b, FEM).

Nitrogen. - Using a polycrystalline sample cleaned by heating to
ZOOOOK, the following sticking probabilities and surface coverages were

found (Scheer and McKinley, 1966, FF):

T°K » s O'(molec/cmz)
205 0.060 8 x 1013
300 0.009 Tx 1013
373 0.007 6x 1013

Adsorption of nitrogen on rhenium lowers the Fowler-Nordheim work
function from its clean value of 4.9 eV to a value of 4.5 eV for a saturated
surface in the pseudo clean configuration. Migration was not observable
because it requires higher temperatures than desorption (Klein and Little,

1967, FEM).
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Potassium. - The heat of desorption and pre-exponential factors
of KT are given as 2.33 + 0.03 eV and (1.0 +0.3) x 10-13 seconds res-
pectively (Scheer and Fine, 1963b, PB).

Rubidium. - The heat of desorption and pre-exponential factor of
RbT were measured 2. 28 + 0.03 eV and (0.8 + 0.3)x 10"13 seconds
respectively (Scheer and Fine, 1963b, PB).

Sodium. - The heat of desorption and pre-exponential factor of Na¥
are givenas 2.75 + 0.03 eVand (0.2 + 0.1) x 1013 seconds respectively
(Scheer and Fine, 1963b, PB).

Thorium. - The Richardson constants for rhenium were found to

be @ = 4.85 eV, and A= 66 A/cmz—degz. As thorium is adsorbed, the

work function decreases to a minimum of 3.15 eV at a coverage of 4.2 x 10_14

ad:oms/cm2

and then rises to a constant value of 3.3 eV at a coverage of
8 x 1014 atoms/cmz. A comparison with the tungsten system gives the
same respective coverages. The activation energy for desorption was

8.30 + 0.15 eV at low coverages (Anderson, et al, FF-TE).

RHODIUM

Carbon Monoxide. - The initial heat of adsorption of 2.0 eV was

measured for carbon monoxide on rhodium (Brennan and Hayward, 1965,

TFC)&

Hydrogen. - Hydrogen adsorption is atomic at 300°K and obeys
second order kinetics with an activation energy of E&B=Eo - g0~ where Eg =
0.78 eV andg = 1.0 + 0.1 eV (1015 molec/cm?) -1 The desorption
spectrum of hydrogen desorbed from rhodium dosed at 100°K contains two
peaks, @ and 8. The distribution of the isotopes in the desorbed phase
formed by coadsorbing H, and D, indicate that the ¢ and § phases are both

atomic (Mimeault and Hansen, 1966, FF),
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Oxygen. - The initial heat of adsorption measured for oxygen was
4,45 eV (Brennan, et al, 1960, TFC).

TANTALUM

Carbon. - Carbon, once deposited on tantalum, cannot be removed
by high~temperature treatment alone as in the case of tungsten. From
field electron microscopy techniques, low-carbon contamination causes
(334) planes to appear as high work function areas, just as for carbon on
tungsten. At temperatures in the region of 950°K, platelets, presumably
TaC, form and migrate to the (111) zones of the emitter single-crystal
tip. The activation energy of this surface migration process was 2.3

eV (Klein and Leder, 1963, FEM).

Carbon Monoxide. - Adsorbed carbon monoxide shows three states

of binding on tantalum. The weakest of these was desorbed at tempera-
tures above 125°K with no observable surface migration; bonding with the
surface was of the van der Waals type. This is in contrast with the

second state, which was desorbed above 650°K. The third state was
dissociated before desorption to give the oxygen-on-tantalum field electron
emission pattern. Surface migration involving the second adsorbed state
occurs with an activation energy of 1.7 eV. The work function of a carbon
monoxide covered tantalum surface, obtained by spreading the carbon
monoxide on a shadowed tip at 40°K, was 0.8 eV greater than that of the
corresponding clean tantalum. The first state of desorption yielded a value
of 0.17 eV for the desorption energy which was considerably hi gher than
the heat of vaporization of carbon mon?xide, 0.06 eV, so that some inter-
action with the tantalum must occur (Klein and Leder, 1963, FEM), The

initial heat of adsorption of carbon monoxide on tantalum measured by

Brennan and Hayward was 5.85 eV (Bremnan and Hayward, 1965, TFC).

Cesium. - The heat of desorption and pre-exponential factor of cst
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are given as 1.65 eVand 1.8 x 1077 sec respectively (Husmann, 1965,
PP). The minimum work function of Cs on Ta was found to be 1.6 eV
(Gorbatyi and Rysbchenko, 1965, FEM), The vacuum thermionic work
function of tantalum was measured to be 4.25 eV (Wilson, 1966¢c, LD).
Adsorption of cesium resulted in a work function minimum of 1,69 eV

and 1.70 eV for a saturated surface (Wilson, 1966d, LD),

Oxxgen. - Brennan, et al, measured the initial heat of adsorption
of oxygen on tantalum at 9.2 eV (Brennan, et al, 1960, TFC). The work
function of the clean (110) plane was measured as 4.74 + 0.02 eV, and
the activation energy for oxide growth was estimated to be 0.24 + 0,04 eV

(Boggio and Farnsworth, 1964, LEED),

Potassium. - The heat of desorption and pre-exponential factor
' of Kt were given as 2.05 eV and 41.6 x 10-13 seconds respectively
(Husmann, 1965, PP),

Rubidium. - The heat of desorption and pre-exponential factor were
given as 1,81 eV and 2.36 x 10'13 seconds respectively. (Husmann,

1965, PP).

TITANIUM

Cesium. - The vacuum thermionic work function was measured to be
3.65 to 4.3 eV (Wilson, 1966a, LD). Adsorption of Cs yielded a minimum
work function of 1.33 eV and 1.44 eV for a saturated surface (Wilson,
1966b, LD). Bennette, et al, found the maximum work function dec rease for the

(1010) plane to be 2.92 eV (Bemnette, et al, 1967, CP).

TUNGSTEN

Argon. - It was found that a work function decrease of 0.80 eV
occurs for a saturated monolayer when measured at 4. 2°K. The work

function change is most pronounced near the (100) face. Multilayer
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adsorption also occurs. It appears that dipole-dipole repulsions suffice
to make the first layers gaslike (Gomer, 1958b, FEM).

Adsorption of Ar on tungsten lowers the work function by 0.87 eV
at 20°K. Binding to the surface is structure sensitive--it is strongest
around the (100) poles, in the vicinity of the (116) and (130) planes, and
weakest at the (111), as observed in field electron emission patterns.

This sequence of binding energies corresponds to that calculated for
different lattice sites on the assumption of dispersion forces. The lower-
ing of the work function caused by adsorption was interpreted as a polari-
zation of the gas atoms by the dipole layer of the metal surface; formally,
the interactions at a metal resemble those of the rare gases adsorbed on
ionic crystals. Interaction of polarized adatoms and the anti-parallel field
applied for field electron emission increases the free energy of the ad-
layer, bringing about rearrangements particularly imp ortant for adsorbed
argon, Observations of changes in field electron emission with tempera-
ture yield a value of 0.04 eV for the diffusion activation energy of argon

over the (310) toward the (100) (Ehrlich and Hudda, 1959, FEM).

Barium. - The initial heat of adsorption was given as 3.6 eV
(Moore and Allison, 1955, RT), 4.68 eV (Zingerman, et al., 1961, TE),
and 4.7 eV (Gavrilyuk and Medvedev, 1963, CP-FF). Upon adsorption
of barium, the work function decrease at room temperature was 2.5 eV
and then increased with further coverage to a final decrease of 1.9 eV
(Zingerman, et al., 1961, TE). The work function of a saturated surface
of barium on tungsten was found to be 2.1 eV with no apparent minimum
(Zubenko and Sokolo'skaya, 1961, FEM),

Field desorption of barium occurs at about 100 MV/cm (Muller,
1956, FEM-FD). It was found that adsorption seems to be polar but not
ionic and that desoiption of Bat occurs under the conditions of field
desorption experiments. If this interpretation is correct, a = 6OX

for the polarizability of adsorbed Ba which is close to the value for the
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free atom. It was found that positive fields have more effect on the
activation energy and pre-exponential term of the diffusion coefficient
than negative fields, While a 1/2 a F? dependence of the activation
energy is compatible with the limited data for negative fields, no simple
behavior was found for positive values. The activation energy goes
through a minimum of zero with increasing positive field accompanied
by a drastic reduction in the pre-exponential term. Values for the zero
heat of adsorption were obtained over a wide coverage interval and agree
well with those of Moore and Allison (above), where overlap occurs
(Utsugi and Gomer, 1962a, FEM-FD),

The electron desorption cross section for barium on tungsten

was found to be £ 2 x 10722 cm? (Menzel and Gomer, 1964a, FEM-EID).

Barium Oxide. - Field desorption of BaO occurs as BaO+ within

++
the 80-400" K range and as BaO within the 500-1000°K range. Barium

is field-desorbed from W in the form of singly-charged ions over the 80-
300°K and 1000-1200°K regions, and as doubly-charged ions at 300-1000°K
(Naumovets, 1963, FEM-FD),

Beryllium. - The adsorption of beryllium does not affect the work
function of tungsten; presumably, because it has the same work function

as tungsten (Zingerman, et al, 1961, TE),

Bromine. - At low bromine coverages, the work function decreases
to 4.1 + 0.1 eV corresponding to a decrease of 0.4 eV, accompanied by
a 60 times reduction in apparent field electron emitting area. This effect
is ascribed to the penetration of bromine atoms below the effective surface
plane., Extended exposure to bromine (5 x 1079 tor r) vapor produced a
work function increase of 1.0 eV with respect to clean tungsten (Duell

and Moss, 1965, FEM).

Calcium, - Adsorption of calcium lowered the work function by

1.9 eVat5x 1014 atoms/cm2 and 1.7 eV at a saturated coverage of
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2
3 x 1014 atoms/cm (Zingerman, et al, 1961, TE),

Carbon Monoxide. - Adsorption of carbon monoxide has been studied

using a variety of techniques. The more recent data has employed ultra-

high vacuum techniques. A summary of the data is given in the following

table:
-14
o °300°K o =10 Desorption Energies (eV
(eV) moleC/é:m - 5 5 5| Worker
(at 300°K) 1 2 3
2.3 "I(Klein, 1959, FEM)
0.85]0.2 7.4 (Eisinger, 1957, FF)
0.49 1.26 | 2.56 | 3.02 3.28 |(Redhead, 1961, FF)
0.5 4.5 0.87 3.26 4,35 (Ehrlich, 1961b, FF)
2.3 3.3 4.3 (Ehrlich, 1962, FEM)
0.87 1 2.26 | 3.04 4.35 }{Rootsaert, et al,
1962, FEM)
0.85]0.48 5.8 0.91 2.70 4. 00 (Gavrilyuk and
Medvedev, 1963, FF)
1.0 | 2.74 | 3.35 3.9 |(Rigby, 1964, FF)
1.0 2.6 (May and Germer,
1966, LEED)
0.27 10.1 (Ricca, etal, 1962, F.li)‘

The desorption kinetics indicate that adsorption is nondissociative and can
be quite complex. At room temperature, transfer takes place between the a
phase and the P phase (Rigby, 1964, FF),

When 012018 and C13O16 were adsorbed together on tungsten, rapid

12 1 13 1
isotopic mixing to form C O 6 and C O 8 occurred at temperatures above
850°K. No evidence was found for dissociation of CO into mobile adsorbed
C and O atoms. A four-center bimolecular exchange was postulated which

involves surface bonding through . both carbon and oxygen. The rate constant
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for the bimolecular surface exchange reaction was 1.9 x 10-10 exp(-30, 000/RT)
(Madey, et al., 1965b, FF). Room temperature studies of the surface
potential variation with CO dose for the W (211) plane are explained by
assuming a random occurrence of pairs and clusters (Armstrong, 1965,
FF-CP). Further complexities involve the B state which is a composite

of at least three states, each with different desorption energies. The 61
state occurs on (411), (310) and {(210) faces, the 52 state occurs on (111)
and other faces and the 63 occurs on the (111) zones (Rootsaert, et al.,
1962, FEM). The complexities of the system are even more pronounced

at low temperatures, with the appearance of a nonreversible state called
the ''virgin layer''. This state was found upon adsorption at low tempera-
ture (20°K) and increased the work function to 5.6 eV, indicating a nega- .
tive dipole moment. The layer appeared to desorb and convert to the
recognized a and P states upon heating above 170°K, but further read-
sorption of CO at 20°K did not restore the previously obtained high work
function. This characteristic was interpreted by recognizing the fact

that the a state has a positive dipole moment while the B states are char-
acterized by negative dipole moments. After heating the ''virgin layer!''

to 170°K, further adsorption cannot restore the initial conditions re-
presented by the negative dipole but instead is the result of depositing

more of the ¢ CO over a B layer (Swanson and Gomer, 1963a, FEM-FD).
The relative abundance, relative dipole moments, and absolute sticking
coefficients of virgin, ¢ and B CO adsorbed on tungsten have been deter-
mined by a combination of work function versus co%rera.ge measurements,
with step-desorption spectra and sticking coefficient measurements. The
dipole ratios were Ma/Mvirgin =0.68; Mﬁ/Mvirgin = 0. 68 for the initial,

and M,/M

... . =1.10 for the terminal portion of the B layer. The
virgin

B
relative abundances were total B/total virgin = 0.55; (virgin converted to B)/
(B from virgin conversion) = 2.1; a/total p = 1.2. Initial sticking co-

efficients are close to unity up to 700°K and decrease rapidly at coverages
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(relative to the maximum amount of adsorbate retained at that tempera-
ture) of 0.6 - 0.4 (Bell and Gomer, 1966, FEM-FF), It was found
that the binding modes of CO could be distinguished and confirmed by
their differing electron impact desorption cross sections which were

Q

cm? for 80 volt electrons. Evidence for thermal conversion of virgin

virgin = 3% 10719 em?, Qi top = 10719 cm® and Qg =3 x 10718
states to both B and e states was obtained. Electron bombardment also
seemed to convert virgin to § states. In addition to desorption, dissocia-
tion with carbon formation occurred. The ratio of dissociation to de-
sorption was estimated to be between 0.5 and 0.1, and seems to be

least for @ and greatest for B desorption. The results on carbon formation
indicated that a large fraction of CO in the ¢ and virgin modes is adsorbed
with the C end of the molecule bonded to the substrate (Menzel and Gomer,
1964b, FEM-EID). General agreement with the theory of field desorption
seems to hold for the CO-W system and could be confirmed, in particular,
for the energetics of desorption and for adsorbate tunneling. The general
reasonableness of the potential curves and that of the CO-W spacings
obtained indicates that the ion-metal interaction can be expressed by an
image potential to distances of the order of 2 Z (Swanson and Gomer,
1963, FEM-FD), Field desorption of carbon monoxide adsorbed on
tungsten was found to remove tungsten atoms at the same time (Mulson and
Muller, 1963, FIM). Plots of the coverage dependence of sticking prob-
ability, work function and desorption heat are shown in Figure 46 (Gavril-

yuk and Medvedev, 1963, FF),

Carbon Monoxide and Nitrogen (coadsorption). - The maximum

coverage found for adsorption of CO and N, on tungsten were 10.1 x ].01‘4

and 4.5 x 1014 rnolec/cm2 respectively. The initial values of the sticking
probability were 0.27 for CO and 0.10 for NZ' The effects of preadsorption

of the two gases on each other is shown in the following two tables:
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Figure 46,

(b) (c)

Coverage dependence of various experimental parameters for CO
on W. (a) Work function vs coverage. (b) Sticking probability
vs coverage at various temperatures. (c) Heat of adsorption vs
coverage. From Gavrilyuk and Medvedev, Soviet Physics-Solid
State, 4, 1737 (1963).

136



Maximum Adsorbed Quantities for Room-Temperature Adsorption of CO
on a Tungsten Surface Partially Covered with N2 (molecules/cmz) x 10-14

Preadsorbed NZ 1,10 2.20 3.30 4,50
Maximum CO 10.10 8.90 7.75 6. 80 5.65
Total NZ and CO 10.10 10.00 9.95 10,10 10.15

Maximum Adsorbed Quantities for Room-Temperature Adsorption of N, on
a Tungsten Surface Partially Covered with CO (molecules/cmz) x 10-14

Preadsorbed CO 1.00 2.00 3.00 4.00
Maximum N2 4,50 3.64 2.70 1,70 1.30
Total NZ and CO 4,50 4,65 4,70 4,70 5.30

(Ricca, et al, J. Catalysis 1,458 (1962) ).

Later coadsorption work with CO and N2 showed that nitrogen replaces ¢
CO and in doing so lowers the energy of the B phases of CO (Rigby, 1964,
FF-MS)., In this case, the adsorption of the nitrogen was on identical sites
vacated by the carbon monoxide with a large interaction between the unre-

placed and replacing atorms (Rigby, 1965b, FF-MS).

Carbon Monoxide and Hydrogen. (coadsorption).- In the replacement

of hydrogen by CO, the adsorption of the carbon monoxide was on sites
which were not occupied by the hydrogen with subsequent desorption of the

hydrogen from the adjacent sites (Rigby, 1965b, FF-MS).

Carbon Dioxide.- Heating of a field electron emission tip partly

covered with CO, to 400-600°K resulted in the surface diffusion of oxygen
anto the initially clean portions of the emitter. Further heating to 750°K
resulted in the diffusion of another substance with an activation energy of
2.18 + 0.22 eV. The temperature change and pattern appearance made
it very probé.ble’that this was CO. These results suggested that CO; is

dissociated into CO and O on a tungsten surface. The fractional oxygen
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- monolayer coverage before diffusion could be estimated as 0.15 from the
change in work function of the initially clean portion of the emitter after
oxygen diffusion. It was felt that dissociation is almost complete at, or
possibly below, 600°K since the maximum COjp uptake on evaporated W
films at 300°K corresponds to a monolayer coverage of 0.19. There was
an indication that a small fraction of undissociated, loosely chemisorbed
CO, exists at high coverage and low temperature, (below 600°K). Some
desorption of the dissociation products, presumably CO, occurs near
1000°K. Heating above 1000°K leads to the formation of the typical oxide
field electron emission patterns which result from heating W emitters
dosed with small initial oxygen deposits. When large doses of CO, were
deposited on a cold emitter, migration occurred with a sharp moving
boundary, at 60-70°K. This corresponds to the diffusion of physically
adsorbed gas on top of the first chemisorbed layer with precipitation at
the edge. The activation energy of diffusion of physically adsorbed CO,
was estimated as 0.10 eV from the rate of this process. The heat of
binding in this layer was found to be 0.24 eV from the maximum diffusion
distance of constant CO, doses at various temperatures. The work function
increase at maximum chemisorption coverage was 1.0 eV. The presence
of a second, physically adsorbed layer decreases this by 0.4-0.5 eV
(Hayward and Gomer, 1959, FEM).

Cesium. - The initial heat of desorption and the respective pre-

exponential factor for cesium ions from tungsten has been determined by

several workers: The results are given as follows:
Ep(eV) ’I‘z)(secs) Worker
1.91 (Taylor and Langmuir, 1933, FF)
2,04 1.1x 10-12 (Scheer and Fine, 1962b, PB)
2.73 2.4x% 1013 (Taylor, 1964a, LD)

1.95 1.77x 10-12 (Husmann, 1965, PP)
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The minimum work function of cesium on tungsten was found to be
1.70 eV (Taylor and Langmuir, 1933, FF), and 1.5 eV (Swanson, et al,
1964a, FEM). Shapes of the work function-coverage curves measured by
field electron emission techniques agree closely with existing ones meas-
ured by thermionic methods. Field electron emission probe techniques
were used to compare the work function-coverage relationship on the (100)
and (110) planes of tungsten with the corresponding average work function
relationship. The work function minimum was found to occur at 1.47 eV
on the (110) plane and 1.60 eV on the (100) plane (Swanson, et al,
1964a, FEM). The vacuumn thermionic work function of tungsten was
measured to be 4.52 eV (Wilson, 1966c, LD), Adsorption of cesium
yielded a work function minimum of 1.60 eV and 1. 64 eV for a saturated
surface (Wilson, 1966d, LD)., Langmuir and Taylor determined heats
of metal and ion desorption to be 1.91 and 2.98 eV respectively (Taylor
and Langmuir, 1933, FF), The field electron emission results for
neutral desorption agree extremely well with the data of Taylor and

014 atoms/ cmz, but fall

Langmuir in the coverage range 0 to 1.4x 1
below the heats of these authors at higher coverages. The combination
of neutral and ionic heats yields a value of § = 5.3 eV for the zero coverage
work function of the regions from which ionic desorption occurs. The
phenomenon of phase segregation observed by Taylor and Langmuir at very
low coverages under steady-state conditions can be shown to be a kinetic
rather than a thermodynamic effect (Schmidt and Gomer, 1965¢, FEM),
Strayer, et al, found agreement with Taylor and Langmuir's desorption
data at low coverage but disagreement at high coverages. Values of 2.4
+ 0.1 and 3.0 + 0.1 are given for ionic and neutral heats of desorption
(Strayer, et al, 1962, FEM),

The activation energy for diffusion was found to be 0.48 for the (110)
plane and 0.76 for the (123) plane (Strayer, et al, 1962, FEM). The

zero field activation energy for surface diffusion measured using field
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electron emission techniques was found to take place in two modes at 0 =
0.2, Migration took place around the (110) plane along close packed (110)
type ledges with an activation energy of 0.43 eV. Inthe second mode
diffusion was into the (110) plane over (110) ledges with an activation energy
of 0.50 eV (Swanson, et al, 1964b, FEM-FD). The activation energy of
migration of cesium on tungsten was measured by another method to be
0.61 eV (Langmuir and Taylor, 1932, LD).

At low coverage the field desorption of Cs from tungsten can best
be explained on the basis of a covalent ground state which suggests that
an electronic transition is involved in the desorption process. On this
basis, the polarizability of adsorbed Cs is found to be close to that of the
free atom. The results were much the same as those found for Ba (Utsugi
and Go?hér, 1962b, FEM-FD), Field dependent variations of both the
pre-exponential factor and activation energy o the surface diffusion co-
efficient written as D = Dj exp ( —Eg /kT) were found. At temperatures
sufficient to induce mobility, an increase or decrease in cesium coverage
in the high field region of the emitter occurs with both positive and nega-
tive fields; positive fields, on the other hand, produce large variations
in desorption rates dueto field desorption. Most of the field effects can
be analyzed in terms of MF and 1/2 « FZ interactions (Swanson, et al,

1964b, FEM-FD).

Cesium-Fluorine. - The effects of preadsorption of fluorine on

cesium adsorption kinetics have been studied by deposition of CsF on a
heated field electron emission tip. The CsF dissociates on the tip

and the components migrate separately at different temperatures. The
cesium can be desorbed above ~1000°K to leave a fluorine layer. De-
position of Cs on the fluorine results in work function minima as low as

1.0 eV. In contrastto oxygen, the minima accurs at the same coverage
on a - fluorine-tungsten layer as on clean tungsten. The fluorine increases

the activation energy for migration of cesium (Swanson, et al, 1966, FEM),
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Cesium-Oxygen. - Preadsorbed oxygen lowers the work function

minimum to 1.13 eV and shifts the minimum found with cesium on clean
tungsten to lower cesium coverages. Preadsorbed oxygen also increases

the activation energy of migration (Swanson, et al, 1964c, FEM),

Copper. - The binding energy of copper on tungsten was 3.5 + 0.5
eV (Godwin and Luscher, 1965, FF), Small amounts of copper form a
layer on the surface of tungsten field electron emission tips which raise
the work function from 4.52 to 4.83 eV. and can be desorbed thermally
with an activation energy of 4.12 eV. This has been termed type I ad-
sorption and is believed to form the first monolayer of copper in which all
adatoms are bonded directly to the tungsten substrate and are therefore -
polarized negatively outward, giving rise to the observed increase in work
function. Copper adsorbed upon the type I layer forms type II, which
lowers the work function to 4.2 eV, diffuses over the tip surface with an
activation energy of 0,87 eV, and is desorbed thermally with an activation
energy of 3.05 eV. Itis believed to comprise a layer 2 atoms thick
which forms a copper lattice strained to conform to the substrate struéture.
Further adsorbtion of copper leads to a type III layer that is desorbed
with an activation energy of 2.76 eV and diffuses over the field electron
emission tip surface with an activation energy of 0.52 eV. A measured
increase in work function from 4.2 to 4.3 eV is thought tobe due to a
change in the shape of the tip surface instead of a real work function change.
Further adsorption of copper over the three atom layers produces nuclei
which are thought to be crystallites having a true copper lattice structure
(Jones, 1964, FEM). Adsorption of one to ten atomic layers of Cu was
studied from changes in the field electron emission pattern and average
work function of a coated W field emitter. Surface diffusion was investi-
gated for single-, double-, and triple-layer diffusion, and for successive
diffusion of one layer of Cu on others up to four layers. The negative

electric field used in some of the measurements was found to decrease
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t he apparent activation energy and the pre-exponential factor of the diffu-
sion equation. The activation energy for diffusion varied over the tung-
sten surface and increased with atomic roughness; it also varied with
coverage, decreasing rapidly at first and then less rapidly with increasing

coverage as shown in the following table:

Efe V) Temperature Do(cmzls ec)
Diffusion Type| Region of Surface|(zero field) range, CK)| (zero field)
Single layer Average 0.74t 0.09 | 548-673 6x 10-5
Double layer | Average 0.56+ 0,04 | 533-653 6x 1070
Triple layer Average 0.43+ 0.04 | 488-653 6x 107
Second layer Average 0.48+ 0.04 553-673 2x 1078
Third layer Average 0.43+ 0.04 553-673 2x 10-6
Fourth layer Average 0.39+ 0.04 | 553673 1x 1070
Single layer (011)-(112) 0.48+ 0.04 | 473-573 7x 1077
Single layer (001)-vicinal 0.95+ 0.09 523-673 1x 10-3
Single layer (011) 0.35 289-313

(Melmed, 1965b, FEM).

Bennette, et al, determined the heat of desorption as 3.17 eV, the activation
energy for surface diffusion 2s 1.15 eV and the maximumwork function as
4.75 eV (Bennette, et al, 1966, FEM).

The effect of adsorbed oxygen and nitrogen on the mobility of copper
on tungsten depends on the relative amounts of gas and copper and on the
local substrate crystallography. Generally stated, they increase the activa-
tion energy for surface diffusion. The zero field activation energies for
surface diffusion of Cu/W, Cu/O/W, and Cu/Nzl W are as follows: 0,87
eV, 1,21 eV, and 1.17 eV respectively (Melmed, 1966, FEM),

Germanium. - At least two types of migration have been observed.
Low-temperature migration which occurs starting at room temperature,

with an activation energy of 0.2 eV is related to a mechanism in which
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the only mobile atoms are those in the second, physically adsorbed layer.
Migration of the second type which occurs starting at T = SOOOK, with
energies of 1.24 and 1.7 eV is participated in by the atoms in the
chemisorbed layer. An analysis of the volt-ampere characteristics of
the field electron emission current, the emission patterns, and the nature
of the migration, led to the conclusion that low-temperature migration
produced germanium layers having semiconducting properties, while the
layers resulting from high-temperature migration were not continuous,

and the electron-emitting surfaces were spots of pure tungsten (Sokol'-

skaya and Mileshkina, 1964, FEM),

Gold. - The observed binding energy of gold on tungsten was 3.6 +
0.5 eV (Godwin and Luscher, 1965, FFD).

Hydrogen. - Hydrogen adsorbs on tungsten with an initial sticking
probability of approximately 0.2 and the work function rose to 5.0 eV as
the surface concentration reached a room temperature maximum of 7.5 +
1.0x 1014 molec/cmz. Two adsorption peaks were found at 1100°K and
1800°K with an energy difference of 0.5 (Eisinger, 1958b, FF).

A sticking probability of 0.1 was found by Hickmott and two
distinct states were isolated. At a coverage of less than 3 x 1013molec/
cmz, a B state was observed which obeyed second order kinetics and has
an activation energy for desorption of 1.35 eV. At higher coverages the
energy lowers, probably due to the formation of a molecular ¢ state. The
concentration in the a state was proportional to pressure. Above 1 lOOOK,
atoms evaporate with an activation energy of 2.9 eV (Hickmott, 1960, FF).

Russian workers have found two P states which obey second order
kinetics with activation energies for desorption of 0. 61 eV + 0.06 and
1.48 eV + 0.07 (Ageev, et al, 1965, FF).

Ricca, et al, reported three pairs of states from desorption spectra.

Of the six observed peaks, two (.yl + YZ) occur in the temperature range
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77-90°K. The a states (a1 and az) occur between 190 and 3000K, and the
B states (B and 62) occur in the region 300 to 600°K. The B, state ap-
pears to be practically filled before the B, state is significantly populated
(Ricca, et al., 1965, FF).

Rigby reported two 3 states obeying first order kinetics with acti-
vation energies of desorption of 1.10 eV and 1.26 eV and a third B state
with an activation energy for desorption of 1.22 eV which obeyed second
order kinetics (Rigby, 1965b, FF),

Four chemisorbed complexes were identified for hydrogen by
Rootsaert, et al. The bond strengths on individual sites correlated with
the number of surface atoms contacted simultaneously and with their degree
of unsaturations At low over-all coverage the adsorbate was concentrated
on the faces with the highest heat of adsorption: these faces became pop-
ulated mainly by surface migration from less attractive crystal faces.

Only at very low temperature, ‘where surface migration was severely
restricted, did a uniform distribution of the adsorbate over the crystal
faces result. The heat of adsorption on the (211) faces was found to be

2.0 eV. On the overall field electron emission tip four states of adsorption

were found which desorbed in the following temperature range:

TOK E
280 0.87 - 2.0 eV increase in work function
220-280 0.65 - 0.87 eV decrease in work function
120-200 0.35 - 0.61 eV increase in work function
120 0.26 - 0.43 eV physisorbed state

(Rootsaert, et al., 1962, FEM)

It was found by Gomer, et al, that spreading of hydrogen on tungsten
occurs in three distinct phases. At very high initial coverages a moving
boundary migration occurred below 20°K, corresponding to migtration of
physically adsorbed Hy on top of the chemisorbed layer. Precipitation

at its edge, and further migration over the newly-covered region.
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For initial deposits corresponding to ~1 monolayer, spreading set in at
~s 180°K with a ‘boundary moving radially outward from the close-packed
(110) faces. The activation energy measured for the process was 0.26 eV
and corresponded to migration over the smooth (close-packed) regions of
the tip followed by precipitation of chemisorbate at trap sites on the rough
regions, At coverages too low to permit saturation of traps, diffusion out
of the latter became rate controlling so that boundary-free diffusion with
EgVv 0.41 eV and at even lower coverages with E 4N 0.69 eV was observed.
The heat of adsorption of Hy at extremely low coverage was found to be
2.78 eV but dropped rapidly with increasing coverage. These results led
to the conclusion that surface heterogeniety was largely the result of
surface topography and was inherent on all but the close-packed faces of
W. The activation.energies for-diffusion were found to be 10 to 20% of the.
binding energy, depending on the.nature of the sites. It was also seen
from the low-temperature sp‘readi_r__lgi'that A.75% of the chemisorbed layer
could be formed below 209K with.effectively zero activation energy (Gomer
et al, 1957, FEM),

Electron induced desorption cross sections Q were determined from
work function and Fowler-Nordheim pre-exponential changes and were
significantly smaller than would be expected for comparable molecular
processes. Q = 3.5 x 10720cm?2 and 5 x 10-2lem? for processes tenta-
tively interpreted as the dissociation of molecularly a.ds.orbecl‘_H2 and
desorption of H, respectively, These results were interpreted in terms
of transitions from the adsorbed ground state to repulsive poution of excited
states, followed by de-exciting transitions which prevent desorption. It
was argued that the excitation cross sections should be essentially ''normal'!
i.e., 10'16 to 10'17cm2, and that much smaller overall cross sections
observed were due to high transition probabilities "to the ground state,

egstimated as 1014 to 1015fse‘c'1 (Menzel and Gomer, 1964a, FEM-EID).
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Single crystal studies of sticking probabilities and work function
as hydrogen adsorbs on tungsten were studied (Armstrong, 1966, LEED)

and are given in the following table:

Plane W(100) w(211) W(111) W(110)

AP : 0.88 0.65 0.15  -----
m

S, 0.1 0.3 0.01 10-3

Single crystal studies of hydrogen on tungsten by other workers
gave the following work function changes for various planes (Hopkins and

Pender, 1966b, FF-MS-CP):

Plane W(100) W(113) W(lll) W (110) Polycrystalline
foil
Af 0.54 0.43 0.30 -0.14 0.63

Desorption of hydrogen was found to be a second order process for
samples dosed at 300°K. The desorptionenergy was represented by
E=E - go whereE, = 1.5 eVand g=1.2 + 0.1 eV (1015m01ec/cm2)-1.
The desorption spectrum for a sample dosed at 100°K yields two peaks, a
and 3. From the isotopic¢ distribution the ¢ peak was found to be molecular
(Mimeault and Hansen, 1966, FF-MS),

As hydrogen was adsorbed on W(100) at room temperature a sequence
of LEED patterns were observed consisting of the formation of 1/2 x 1/2
spots, splitting and eventually disappearing with simultaneous formation of
1/4 order spots and finally, at saturation; all extra diffraction features dis-
appeared. The work function increases with coverage to 0.9 eV at

saturation (Estrup and Anderson, 1966, LEED).

Hydaxogen and Nitrogen (coadsorption). - Nitrogen adsorption on

preadsorbed hydrogen. The adsorption of nitrogen is believed to be on

identical sites vacated by the replaced hydrogen with a strong interaction
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between the unreplaced and the replacing atoms. If the adsorption sites
for the replaced hydrogen and nitrogen are identical, sites for the nitro-
gen are only produced when a weakly-adsorbed phase is thermally de-

sorbed (Rigby, 1965b, FF-MS).

lodine. - It is believed from field electron emission experiments

that the '"'triangular'' sites which occur on the (111) plahes are favorable

for iodine adsorption (Moss and Kimball, 1960, FEM). Extended exposure

to icdine (5 x 10-9 torr) vapor produced a constant work function increase

of 0.4 eV with respect to clean tungsten. Iodine adsorption-desorption was
sensitive to surface topography, adsorbing on the (133), (122), (233) planes
and in the region of the (124) planes on heating (Duell and Moss, 1965, FEM).

Krypton. - Adsorption of Kr lowers the work function of clean
tungsten by 1.18 eV at ZOOK. Binding to the surface appeared structure
sensitive and resembled argon. Observations of changes in field electron
emission with temperature yield an activation energy for surface diff{;.sion
of Kr over the (310) toward the (100) of 0.048 eV (Ehrlich and Hudda, 1959,
FEM),

Lithium, - Field electron emission studies on tungsten yielded the
clean work functions and the work .function minimum and saturated sur-
face values for adsorption of lithium on individual crystal planes as

tabulated below (Gavrilyuk and Medvedev, 1966, FEM).

Plane §(eV) 0 ninleV) PsatleV)
(112) 4.6 2.65 2.75
(110) | 5.2 2.2 2.175
(111) 2.7 2.7
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Magnesium. - Adsorption of magnesium lowered the work function
by 0.9 eV at 7x 1014 atoms/cm? and further adsorption to 12 x 1014
atcazcas/cmaZ caused work function to decrease by 0.75 eV (Zingerman, et

al, 1961, TE).

Mercury. - Field electron emission studies of surface diffusion
and desorption yielded a terminal coverage heat of desorption of 1.92 +
0.18 eV for mercury on tungsten. The surface diffusion activation
energies determined were 0,51, 0.40, and 1.0 eV for the (111), (123),
and (100) planes respectively. Increasing coverage of Hg caused the work
function of the substrate to first increase by 0.40 eV at 0, = 0.4 and

then decrease (Swanson, 1967, FEM),

Neon. - It was found that a work function decrease of 0.15 eV
occurred for saturated monolayers of neon on tungsten when measured
at 4,2°K. It is believed that dipole-dipole repulsions are very small and

do not necessarily make the first layers gas-like (Gomer, 1958b, FEM).

Nitric Oxide. - Nitric oxide chemisorbs nondissociatively at room

temperature. Dissociation occurred at elevated temperature with an
activation energy of about 2.0 eV. Heating of an NO shadowed field
electron emission tip above 700°K resulted in the formation of a receding
boundary which remained sharp during the entire course of its backward
motion over the initially covered region, This is consistent with a model
involving dissociation of NO at the boundary where empty sites are

ol5 molec/cmz) on polycrystalline

available. For a monolayer of NO (1.4 x 1
tungsten, a work function increase of 1.85 + 0.0l eV was measured
with respect to clean tungsten; this .correspandsto an average surface dipole
moment of 0,35 Debye per chemisorbed NO molecule at full coverage.
Coadsorption of N, and O, indicated that saturation with oxygen poisons

the surface against further nitrogen adsorption (Yates and Madey, 1966,

FF.FEM-MS).
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Nitrogen. - Three states of adsorption were observed by 1961, a vy
state with a desorption energy of 0.39 eV, an « state with a desorption
energy of 0.87 eV and a B state with a desorption energy of 3.5 eV. A
plot is shown in Figure 47 of sticking probability versus surface goverage
of the various phases of nitrogen on tungsten (Ehrlich, 196la, FF),
(Ehrlich and Hudda, 1961, FEM), (Ehrlich, etal, 1958a, FEM-FF),

The B state was found to obey second order kinetics at low coverages.
At high coverages, the B, appeared to split and a second peak, ﬁl wa.s
found which obeyed first order kinetics and had an activation energy for
desorption slightly lower than the [32 peak. The P states are believed to
be atomically bound; but at higher coverages, it may be difficult to
distinguish the desorption of two adjacent atomically bound atoms from
molecular desorption using the kinetic behavior alone. Mass spectro-
metric evidence using isotopes showed that the small ¢ phase was mole-
cular and the B phase atomic. Figiire 48 is a plot of the distribution in
the various phases versus coverage (Rigby, 1965a, FF). Isotopic studies
show that no exchange takes place between the gas phase and the adsorbed
phase (Rigby, 1964, FF). The results of Rigby were simultaneously
confirmed and the y state was shown to be molecular from isotopic exchange
studies. A plot of equilibrium surface coverage versus temperature is
shown in Figure 49. (Yates and Madey, 1965, FF). Nitrogen adsorption
raised the work function in all states except the y state which lowered
the work function (Ehrlich and Hudda, 1961, FEM). This effect was sub-
stantiated by Hill and Pethica using flash filament techniques (Hill and
Pethica, 1962, FF-FEM),

A study by Delchar and Ehrlich combining flash filament tech-:
niques with coutact potential measurements on macroscopic planes cut
from single erystal tungsten provided information on the relationship
between binding states and crystal face. An atomically bound  state

forms on the (100) plane which lowers the work function by 0.4 eV.
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Figure 47. Sticking probabilities of nitrogen on a polycrystalline tungsten
filament. T = surface temperature, T, = gas temperature.
From Ehrlich, J. Chem. Phys. 34, 29 (1961).
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Figure 48, The amount of each phase desorbed vs the total amount desorbed.
From Rigby, Canadian J. of Phys. 43, 532, (1965).
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Phys. 43, 1055, (1965).
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Chem. Phys. 42, 2686 (1965).
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Two states, a molecular a state and a  state, form on the (111) plane and
raise the work function 0.15 eV. At high concentrations, a second §
state was observed on the (111) plane. The (110) was inactive except
at low temperatures where it formed a y state which was atomic and
lowered the work function. A summary of these results is given in the
following table:(Delchar and Ehrlich, 1965, FF), (Ehrlich, 1962, FEM-
FIM):

Nitrogen Adsorption onlndividual W Planes

Dipole
Plane T (°K) State E(eV) Association Moment
(Debye)
{(110) 110 v 0.39 Atoms =+0.04
(100) 110 vyt 0.44 2 = 0
{y' ' 0.48 ? <0
300 B 3.26 Atoms +0.4
(111) 110 v 0.39 ? = 0.1
220 a 0.70 Molecules -
~ 300 B 3.26 Atoms -0.2

This work provides evidence of the sensitivity of adsorption to structure
and the multiplicity of states on single crystal planes. A plot of A§ ver-
sus molecules impinged is given in Figure 50,

It was shown that individual nitrogen adatoms are visible in the
field ion microscope and demonstrated that adsorption fails to perturb the
lattice permanently. In probing the room temperature distribution of
adsorbed nitrogen, the closely-packed (110) plane was found to remain

clean even when exposed to nitrogen at a pressure of 2 x 10'6 torr for
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2 hours.

(310), were irreversibly covered.

All other planes, with the possible exception of the (100) and

Nitrogen, presumably in the form of

atoms, was bound on the (110) plane only at temperatures below 190°K.

Adsorption on this plane at higher temperatures was limited not by an

activation barrier but rather by thermodynamics; the binding energy on

the (110) was only 5.1 eV, compared with 6.7 eV elsevhere on the sur-

face (Ehrlich and Hudda,

1962, FIM).

Field desorption of nitroigen « : .

adsorbed on tungsten was. found to be the same as field desorption of

nitrogen on iridium(Mulson and Muller,

1963, FIM).

Using field electron

emission probe tube techniques on a fteld electron emission tip saturated

with nitrogen at 300°K, the following work functions were found for single

crystal planes (Holscher,

Crystal Face

(311)
(611)
(110} zone
(100)
(310)
(111)

total surface

1964, FEM):
Bo (eV) A, (eV)

4, 50 0. 26
4, 30 0.29
4. 40 -0.13
5.2 -0.9

4. 35 0. 39
4. 40 : 0.30
4, 50 -0.18

The sticking probability and the room temperature coverage mea-

sured by warious workers is given in the following table along with heats

of desorption for various states.

AP (eV) s

0.44 0.33
0.35
0.33
0.33
0.10

o (molec/cmz)

E(eV)
5.6 x 1014
1.72 5.0
2.8 0.39,0.87
3.5
3.18,3.26
1.2 2.4,6.5
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The variation in these parameters could be due in part to experi-
mental uncertainty and partly to the variations in the specific nature of

the surface used.

Oxygen. - Becker and Brandes observed oxygen adsorption on
tungsten in the field electron microscope and detected three stages of
adsorption. The heats of adsorption were found to be about 5 and 2.5 eV
for two of the stages and the third stage consisted of molecular complexes
with the substrate (Becker and Brandes, 1956, FEM). Gomer and Hulm
examined low temperature diffusion and desorption of oxygen on tungsten
and found three types of migration. At 27°K diffusion occurred with a sharp i
boundary and an activation energy of ~ 0.04 eV, which was believed to
be migration of physically adsorbed O, over the chemisorbed layer, with
precipitation on the clean tungsten surfaces. A study yielded an estimate
of 0.1 eV for the heat of adsorption in the physisorbed layer. At 400-
500°K and high coverages activation energies of diffusion of 1.0 - 1,08 eV
were determined. It was found that 80% of the chemisorbed layer could
be formed without appreciable activation at 27°K (Gomer and Hulm, 1957,
FEM). An initial heat of adsorption of 8.4 eV has been given for oxygen
on tungsten thin films (Brennan, et al., 1960, TFC). Evidence has been
presented for the chemisorption of a monolayer of gas with a sticking
coefficient of unity and the adsorption of a second, initially mobile layer
of oxygen, also with a sticking coefficient of unity when the substrate
temperature- was 20°K. The results appear independent of the degree of
surface order over the range considered. The second adsorbed layer
was not observed at substrate temperatures of 300°K, and the use of the
Langmuir postulate that only the clean surface contributes to the adsorp-
tion allows the definition of a constant sticking coefficient of 0.8 for
oxygen on tungsten at 300°K (George and Stier, 1962, FEM-FIM).

Kinetic rate studies of desorbed species using an in-line mass spectro®

meter indicate that oxygen adsorbs on tungsten in two states whose

154



desorption energies were 6.25 and 4.95 eV. Occupation of the lower

state begins after the upper state is filled (Schissel and Trulson, 1965, FF)‘Q
Electron impact desorption cross sections were found to be 4.5 x 10-19¢m?
for the loosely bound state and 2 x 10'21cm2 for all other states (Menzel
and Gomer, 1964a, FEM-EID).

Recent work by Ptushinskii and Chuikov show good agreement with
the results of Schissell and Trulson. Two states of atomic adsorption were
formed; one was associated with low temperé.ture oxide desorption and
the other was associated with high temperature atomic oxygen desorption.
The desorption heats of the oxides and atomic oxygen were determined
to be 4.2 eV and ~ 6 eV respectively. The work function increases
1.9 eV as oxygen is adsovbed. The increase from zero to 0.8 is associ-
ated with the formation of oxides. (Ptushinskii and Chuikov, 1967, FF-MS).

In a recent study, a tungsten ribbon was exposed at room tempera-
ture to oxygen for varying times such that fractions of monolayers adsorbed.
The mass peaks observed upon flash desorption using a line-of-sight mass
spectrometer showed: the desorption products to be atomic oxygen and the
monotungstic oxides WO, WO,, and WO3. Neither molecular oxygen nor
the polytungstic oxides were ever observed from a ribbon flashed after
room temperature exposure to oxygen., However, impinging oxygen on
tungstén at surface temperatures » 1400°K did produce the polytungstic
oxides. An estimate of the adlayer composition showed that the composition
of a saturated layer consisted of approximately a monolayer of: atomic
oxygen and a few tenths percent of monotungstic oxides. The measured
heat of desorption was found to be 5.6 eV for atomic oxygen and~4.4 eV
for the monotungétic oxides (McCarroll, 1967, FF-MS).

Single crystal studies showed only one state to be present on the
(100) crystal face of tungsten with a binding energy between the metal
and atom of 4.8 eV, (Zingerman and Ischuk, 1966, EID). Studies of
work function change with exposure of W(110) single crystals to oxygen

show that a number of structures or phases of the adsorbed film were
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formed, some of which can reduce the work function owing to penetration
of oxygen (Zingerman and Ischuk, 1967, CP-EID). Similar measurements
of the work function change of (110) and (100) oriented crystals gave clean work
work functions of 5.11 + 0.02 eV for the (110) and 4.65 + 0.04 eV for the
(100). It was found, in agreement with Zingerman, et al., that both the
(110) and (100) crystals have the same final work functions of 6,25 eV
after long exposure to oxygen. Preliminary measurements indicated that
it might also be true for the (113) orientation. A promn:ounced dip in the
work function versus oxygen exposure curve for the (110) plane was
explained by partial inversion of the tungsten oxygen dipole (Hopkins

and Pender, 1966a, CP). =

The clean W(l11l) surface was found to be unchanged after heating
to temperatures as high as 2650°K. After an oxygen exposure of 5x 10-6
torr/sec, heating to 800°K brings about the rapid development of (211)
planes with a hill and valley structure which is stable up to 1800°K. The
clean (111) surface is restored by heating to 19OOOK for several minutes
or 2100°K for several seconds. Other structures, all based on arrange-
ments of (211) surfaces are observed on increased exposure (Taylor,
1964b, LEED).

Oxygen adsorption on the various planes of a field electron emitter
has been studied with a field emission probe tube and yielded maximum
work function changes of 1.9, 2.2, 1.6 and 1.8 eV for the (110), (211},
(100) and (111) i)lanes respectively at 77°K. Ina heating sequence involv-
ing oxygen desorption, the work functionsof the (112) and the (110) planes

exhibited a maximum of n, 7.6 eV (Swanson, et al., 1966, FEM),

Potassium. - The adsorption of potassium produced a minimum
work function of 1.78 eV at a coverage of 3.2 x 1014 atom/cmz which
also coinicided with the minimum work function on the (110) planes. At
approximately 2.3 monolayers the work function approached that of

potassium. Distinct minima also o.ccurred for other close-packed planes,
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like the (211). At ¢~ = 3.9x 10]'4 atom/cmz, the field electron emission
pattern is indistinguishable from that of clean tungsten. The aVerage charge
per K atom varied from 0.27 at low coverage to 0.20 electron charges

at 8 =0.8. The value of the average charge per K atom on the close-packed
W planes at low coverage may be considerably higher. The activation
energy of neutral desorption varied from 2.67 to 2.4 eV over the interval
0£0< 0.4 and fell rapidly at higher coverage, approaching the heat of
sublimation of K, 1.0 eV, at 0= 1.0, The activation energy of ionic
desorption was measured over the interval 0€£0<€0.07, and indicated

that ionic desorption occurred from regions with a work function of 5.3 eV.
On these regions d¢/d0 was ve‘ry high, suggesting that the K-atom density
exceeded the average by a factor of 3 or more, and that adsorption on
these regions may be nearly ionic at low 0. The activation energy of sur-
face diffusion and the pre-exponential term of the diffusion coefficient in-
creased with coverage from 0.3 eVat® = 0 to 0.8 eVat 6 = 0.6.

This was tentatively explained in terms of activated hopping into the almost
empty second layer, followed by rapid diffusion, terminated by recombina-
tion of the excited atom with a hole in the first layer. At © = 0.8 to 1.0,
Ej fell sharply, corresponding to diffusion in the second layer. It was
suggested that K adsorption sites were relatively weakly structure depen-
dent, so that a displacement of atoms from the initially occupied, optimal
sites occurred at @ 2> 0.4 in order to accommodate more adsorbate in
direct contact with the substrate. The experimental results were shown
'to be consistent with a model based on delocalized bonding, i.e.,metallic
adsorption (Schmidt and Gomer, 1965a, FEM). More recent studies by
Schmidt and Gomer compared the effects of equilibrated with unequilibrated
doses of potassium on single crystal planes. The minima observed in
work function versus coverage curves was replaced by points of inflection
when the potassium was immobiley adsorbed. The summary data for four
planes is shown in Figure 43, The work function versus coverage curves

for immobilely adsorbed layers could be fitted remarkably well up to the
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the dashed heavy line.
Phys. 45, 1605 (1966).

From Schmidt and Gomer, J. Chem,



inflection points by the point dipole depolarization model based on the

Topping formula. The work function change is given by

/2

AP = 2w M g /(1 + 9a0’3 )

where M is the dipole moment at zero coverage and a, the polarizability.
A summary of the depolarization model results from plots of @/ A@ vs 03/2

and is given in the following table;

o

Plane a (A 3) Mo(Debye)
110 26 15.8

211 42 16

111 29 10

100 35 11.5

The comparison of immobilely and mobilely adsorbed K showed that coverage
anisotropies exist under equilibrium conditions (Schmidt and Gomer, 1966, FEM),
The binding energy of K on tungsten was found to be 2.22 eV and

the pre-exponeritial factor 2.3 x 10713

sec- (Husman, 1965, PP). The
results of experiments on field desorption of potassium from tungsten with
no migration may be reasonably interpreted on the basis of the theory that

the ions evaporate over a Schottky barrier, which at zero field yields

E

P 2.6 eV;\)«.lOlZ sec”l. The linearity observed experimentally in the
F

d f{(T) curve indicates that the forces binding thepotassium ion with the
'{110) face of W may be regarded as electrostatic image forces up to a dis-
tance from the surface given by x = 1/2 m'\-?ag . The surface diffusion
rate of K atoms over W was very strongly dependent on the magnitude and
direction of the electric field. The dipole moment between adsorbed K
atoms and tungsten, which showed up as a reduction in work function at

constant coverage, was strongest at (110) faces. (Naumovets, 1964, FEM).
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Potassium Chloride. - Thermal activation of potassium chloride on

tungsten at approximately 500°K resulted in the desorption of potassium
leaving a tungsten chloride (WCL)) layer which was stable to about 1100°K.
Data were interpreted as showing that potassium chloride in the presence
of tungsten at room temperature formed a WC1K complex with the K-Cl
bond being the weakest. ' It was shown by field electron emission techni-
ques that potassium chloride on tungsten and chlorine on tungsten demon-
strate identical properties in the temperature range 1100°-1900°K. Limit-
ing processes above 1100°K were believed to be the formation and subse-
quent desorption of tungsten chloride and atomic chlorine. The heats of
desorption and work function were found as follows: In the range of 475-
6OOOK, E =0.43 t03.09 eVand § = 2.3t0 5.3 eV; inthe range 1100°-
1400°K, E = 3,22 + 0.65 eVand @ = 5.3 to 4.6 eV; in the range 1700°-
1884°K, E 3.56 + 0.70 eVand § = 4.6 to 4.5 eV. The behavior of

chlorine on tungsten was shown to be similar to that of oxygen on tungsten

in the temperature range studied (Silver and Witte, 1963, FEM).

Potassium and Hydrogen.- Molecular hydrogen did not appear to be

chemisorbed on potassium at low temperatures. Atomic hydrogen interacts,
probably by the formation of a hydride structure with K atoms outermost
from the surface, The coadsorption of hydrogen and potassium on tungsten
caused a decrease in work function over that caused by potassium alone,

and increased the tempei.a'ture range required for potassium surface diffusion
on tungsten., These facts were explained in terms of a surface complex WHK
in which H is negatively charged relative to K (Schmidt and Gomer, 1965b,
FEM),

Rubidium. - The binding energy and pre-exponential factor of
rubidium atoms was found to be 2.60 + 0.1 eV and 2.5 x 10713 sec (Hughes,
1959, PB). The binding energy and pre-exponential factor for RbT was
reported as 1.90 eV and 3.5 x 10-12

PB) and 2.07 eV and 3.4 x 10712 sec (Husmann, 1965, PP).

sec (Hughes and Levinstein, 1959,
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Sodium. - It was shown that for small coverages adsorption of
sodium lowered the work function of all planes of tungsten. The most
abrupt and greatest lowering was observed on the (110) faces which was
related to the higher concentration of sodium on this face and to the ini-
tially high work function of the face (Shrednik and Snezhko. 1964, FEM).

Measurements were made of the work function as a function of
coverage and temperature. A curve was calculated for the mean heat
of evaporation. Field desorption measurements made it possible to obtain
an independent value for the heat of adsorption in this stage. The zero
coverage heat of adsorption was found te be 2.4 eV and the minimum work
function was~1.9 eV (Shrednik and Snezhko, 1964, FEM). The binding
energy and pre-exponential factor for ionic desorption was found to be

2.33 eV and 6.3 x 10713 sec respectively (Husmann, 1965, PP),

Strontium. - A study of the migration of strontium on tungsten by
ﬁeld electron emission techniques revealed two modes. In the first mode,
for ©>1, no boundary was observed and the surface diffusion activation
energy was found to be 0.79 + 0. 06 eV. For the second mode the sur-
face diffusion activation energy was measured at 1.44 + 0.08 eV (Barna-
by, etal, 1964, FEM).

The activation energy for the thermal desorption of strontium from
tungsten falls from 4.21 + 0.22 eV at zero strontium coverage to 1.78 +
0.13 eV at ""monolayer'' coverage. The latter value approached the heat of
sublimation of bulk strontium (1.69 eV). The desorption energies found
using field electron emission techniques deviate markedly from the extra-
polated thermionic results of Moore and Allison. A linear relationship was
found to exist between the activation energy for desorption and the logarithm
of the pre-exponential factor in the rate equation (Madey, et al, 1965a, FEM),

The energy of desorption was reported to be 3,56 eV and the
monolayer surface coverage and work function were 4.89 x 1014 at:orn/cnq2

and 2.2 eV respectively (Moore and Allison, 1955, RT). A study of work
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function vs coverage gave a work function decrease of 2.1 eV at 4x 1014
2
atom/cm .with a constant work function decrease of 1.8 eV at 8 x ].014

at:om/crn2 (Zingerman, et al, 1961, TE),

Strontium Oxide. - Below 1150°K evildence was given for the dissoci-

ation of SrO and migration of Sr to the (110) edges where clusters of cry-
stallites were formed. Two modifications of field electron emission
patterns associated with the (Sr-O-W) complex within 1150-1550°K were
tentatively identified with the basic and normal tungstate; apparently the
first goes over to the second with an activation energy of 2.6 eV as deter-
mined from desorption data. An unusually sharp decrease in Fowler-
Nordheim work function to 2. 6 eV occurred during this reaction. In the
later stages of desorption above 1550°K patterns identifiable with an oxygen-
tungsten surface were obtained. Desorption at this stage took place with

an activation energy of 6.1 eV (Cape and Coomes, 1960, FEM),

Thorium- Field desorption of thorium occurs in the 200 mV/cm
range (Muller, 1956, FEM-FD) and (Young, 1965, FIM). The (111)
planes have the strongest adsorbing force for thorium atoms while the
(211) planes have the weakest., The field electron emission current from
a (111) plane has a maximum value .’{(goes through a minimum work function)
while the current from a (211) plane changes monotonically (no minimum
work function). This phenomena was explained by a balance between the
diffusion of thorium atoms from the interior of tungsten and the evaporation
of thorium from the surface. The lowest work function was 2.9 eV. The
surface diffusion energy of thorium atoms along the tungsten surface and
the desorption energy were measured and found to be 2.8 and 7.4 eV
respectively (Sugata and Kim, 1961, FEM),

The minimum work function of thorium on tungsten was found to
be 3.0 eV by field electron emission techniques and 3.31 + 0.02 eV by
the Richardson method (Zubenko and Sokol'shaya, 1961, FEM),

A study of the (100) and (411) planes showed that the work function
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goes through a minimum for both planes at a coverage of 4.2 x 1014atoms/
cmz. A monolayer coverage was found at 9 x 1014 atoms /cmz. The (100)
plane has an initial work function of 4.52 eV, a mhimum of 3.35 eV. The
(411) plane has an initial work function of 4.41 eV, a minimum of 3.05 eV

and a saturated value of 3,35 eV (Estrup, et al., 1966, LEED).

Titanium. - It was found that upon adsorption of titanium the work
function decreased monotonically to a value of 3.9 eV and no minimum work
function was observed. The rate of vaporization of titanium from tungsten
carbide was lower than from tungsten, while the heat of vaporization was

approximately the same at 5.4 + 0.2 eV (Zubenko, 1963, FEM).

Xenon. - Adsorption of Xe lowered the work function by 1.38 eV.

The work function diminished monotonically with Xe coverage even after
~more than a single layer is formed. Binding is believed similar to

argon on tl:;.ngsten. Observations of changes in electron emission with tem-
perature yield a heai; of desorption of 0.35 eV for Xe, as well as the follow-
ing values for the aci:ivation energy for surface diffusion: Over the (310)
toward the (100) = 0.16 eV and over the (111) = 0.07<E, < 0.15 eV
(Ehrlich and Hudda, 1959, FEM).

It was found that the work function decreased 1.4 eV for saturated
monolayers when measured at 4. 2°K. Work function changes were most
pronounced near the (100) faces. Multilayer adsorption also occurred.

It appears that dipole-dipole repulsions suffice to make the first layers
gas-like (Gomer, 1958b, FEM).

The adsorption of xenon shows a distinct topographic dependence,
Heats of adsorption for the (400) plane were reportedas 0.33 eV and
0.22 eV for the (111) plane (Rootsaert, et al., 1962, FEM).

Zirconium. - Both electron and ion (deuteron and proton) field
emission patterns were observed. It was found that zirconium lowered
the work function markedly on the (100) plane. It was shown by best image

ion voltage measurements that Zr on W roughens the surface around the
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(100) plane thereby changing the field factor, especially for high concentra-
tions of Zr. The work function for a monolayer of Zr on W was found to

be 2.62 eV which fell to 2.2 eV as more Zr was added. The latter
lowering was attributed to a field factor change. A (100) plane adherence
was postulated bymeans of a hard sphere fit ‘of Zr atoms (3.16 Jg diameter)

on the (100) planes of W (3.16 A 1attice const.) (Shrednik, 1961, FEM-FIM).
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System
Mo-Cs
Mo-Ni
Mo-Hg
Ni-H,

Re-~-Cs

Ta-CO
W-Ar

W-Ba

W-Cs

W-Cu

W/O-Cu
W/N-Cu
W-Ge

W"Hz

TABLE 1V

Surface Migration Energies

Egq (eV)

0.43 +0.1
1.48 +0.06
0.63 +0.08

0.30 + 0.04

0.36 + 0.03

0.04

0.41 (110) regions
0.83 (123)

.56 (111)
44 (111)
.89 (123)
.48 (100)

et O el et

[ow]

.76 (123)
.50 (110) regions
0.6l

(]

0.87
.15

fa—

1.21

1.17

0.2

(=]

.26+0.04 (0=1)
. 41%0. 04 (0<1)
0.78%0.01 (0=0)

(]

) 174

Worker
Bennette, et al., 1966, FEM
Mclrvine and Bradley, 1957, FEM
Bennette, et al., 1966, FEM
Wortman, et al., 1957a, FEM
Swanson, et al.,1963b, FEM
Klein and Leder, 1963, FEM
Klein and Leder, 1963, FEM.
Ehrlich and Hudda, 1959, FEM

Utsugi and Gomer, 1962a, FEM
Utsugi and Gomer, 1962a, FEM

Klein, 1959, FEM

Swanson and Gomer, unpublished, FEM
Swanson and Gomer, unpublished, FEM
Swanson and Gomer,unpublished, FEM

Swanson, et al., 1963b, FEM
Swanson, et al., 1964b, FEM
Langmuir and Taylor, 1932, LD

Melmed, 1966, FEM
Bennette, et al., 1966, FEM

Melmed, 1966, FEM

Melmed, 1966, FEM

Sokolo'skaya and Mileshkina, 1964, FEM
Gomer, et al., 1957, FEM

Gomer, et al., 1957, FEM
Gomer, et al., 1957, FEM



sttem

W-Hg

W-0,

W-Sr

W-Th

W-Xe

Surface Migration Energies (cont. )

o O

o O

~nO,
~1.

Eg (eV)

.51 (111)
.40 (123)
. 00 (100)

3 (0 = 0)

:8 (6 = 0.6)

87 (110) (111)
28 (116) (120)

. 04+0. 06 (0=1)
.3 (0 = 0)

0.79+0.06 (0> 1)

.4470.08 (04 1)
.8

.16
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Worker
Swanson, et al., 1967, FEM
Swanson, et al., 1967, FEM
Swanson, et al., 1967, FEM

Schmidt and Gomer, 1965a, FEM
Schmidt and Gomer,1965a, FEM

Ehrlich and Hudda, 1960, FEM
Ehrlich and Hudda, 1960, FEM

Gomer and Hulm, 1957, FEM
Gomer and Hulm, 1957, FEM

Barnaby, et al., 1964, FEM
Barnaby, et al., 1964, FEM

Sugata and Kim, 1961, FEM

Ehrlich and Hudda, 1959, FEM
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